Via Electronic Mail 
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re: 



U.S. Patent No. 4,994,078 



Attorney Docket No.: 012373-001-999 
CAM No. 636570-600001 



Issued: 



February 19, 1991 



Inventors: Robert K. Jarvik 



For: 



INTRAVENTRICULAR 



ARTIFICIAL HEARTS 
AND METHODS OF 
THEIR SURGICAL 
IMPLANTATION AND 
USE 



MAIL STOP PATENT EXTENSION 

Commissioner for Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 

APPLICATION FOR INTERIM EXTENSION OF PATENT TERM 



Sir or Madame: 

In accordance with the provisions in 35 U.S.C. § 156(d)(5) and 37 C.F.R. § 1.790, Jarvik 
Heart, Inc., through the undersigned, represents that it is the owner of record of United States 
Patent No. 4,994,078 ("the '078 patent") by virtue of assignment and hereby requests an interim 
extension of the patent term thereof. A copy of the Assignment filed January 29, 2008 and the 
Notice of Recordation of the Assignment received from the United States Patent and Trademark 
Office ("USPTO") (Reel 020417, frame 0845) confirming that all right, title, and interest resides 
in Jarvik Heart, Inc. are attached hereto as Exhibit A. 

The following information is submitted in accordance with 35 U.S.C. § 156(d)(5) and 37 
C.F.R. § 1.790. The sections of this application are numbered in a manner corresponding with 
the numbering of subparagraphs (1) to (15) of 37 C.F.R. § 1.740(a). 



UNDER 35 U.S.C. § 156 
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(1) "A complete identification of the approved product as by appropriate chemical and 
generic name, physical structure or characteristics. " 

The product under FDA pivotal trial and modular PMA review is known as the Jarvik 
2000 Heart. The Jarvik 2000 Heart, which is covered by the claims of United States Patent No. 
4,994,078, is further described in the accompanying literature in Exhibit B. In particular, the 
Jarvik 2000 Heart is an axial flow left ventricular assist device, incorporating a brushless DC 
electric motor that magnetically rotates a pump impeller mounted upon a rotor that is supported 
by wear resistant blood immersed bearings washed by high velocity blood flow to limit thrombus 
formation. 

(2) "A complete identification of the Federal statute including the applicable provision of 
law under which the regulatory review occurred. " 

The product is subject to regulatory review under Section 515 of the Federal Food, Drug, 
and Cosmetic Act (21 U.S.C. §360). 

(3) 'An identification of the date on which the product received permission for 
commercial marketing or use under the provision of law under which the applicable regulatory 
review period occurred. " 

The Jarvik 2000 Heart has not yet received permission for commercial marketing or use 
under Section 515 of the Federal Food, Drug, and Cosmetic Act (21 U.S.C. §360). 

(4) "In the case of a drug product, an identification of each active ingredient in the 
product and as to each active ingredient, a statement that it has not been previously approved 
for commercial marketing or use under the Federal Food, Drug and Cosmetic Act, the Public 
Health Service Act, or the Virus-Serum- Toxin Act, or a statement of when the active ingredient 
was approved for commercial marketing or use (either alone or in combination with other active 
ingredients), the use for which it was approved, and the provision of law under which it was 
approved. " 

The Jarvik 2000 Heart has not been previously approved for commercial marketing or 
use under the Federal Food, Drug, and Cosmetic Act, or the Public Health Service Act. 

(5) "A statement that the application is being submitted within the sixty day period 
permitted for submission pursuant to § 1. 720(f) and an identification of the last day on which the 
application could be submitted. " 
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This application is being submitted within the period permitted for submission pursuant 
to 35 U.S.C. § 156(d)(5) beginning six months and ending fifteen days before the term of the 
patent is due to expire. The last day on which this application could be submitted is February 4, 
2007. 
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(6) "A complete identification of the patent for which an extension is being sought by the 
name of the inventor, the patent number, the date of issue, and the date of expiration. " 

The complete identification of the patent for which extension is sought is as follows: 
Inventors: Robert K. Jarvik 

Patent No.: 4,994,078 
Issue Date: February 19, 1991 

Expiration Date: February 19, 2008 

(7) "A copy of the patent for which an extension is being sought including the entire 
specification (including claims) and drawings. " 

A copy of U.S. Patent No. 4,994,078 ("the '078 patent") for which this extension is 
sought is attached hereto as Exhibit C. 

(8 ) "A copy of any disclaimer, certificate of correction, receipt of maintenance fee 
payment, or re-examination certificate issued in the patent. " 

There are no disclaimers filed for the '078 patent. 

There were no reexamination certificates issued for the '078 patent. 

A copy of the final, 12 year maintenance fee receipt is enclosed as Exhibit D. 

(9) "A statement that the patent claims the approved product or a method of using or 
manufacturing the approved product, and a showing which lists each applicable patent claim 
and demonstrates the manner in which at least one such patent claim reads on: (i) The approved 
product, if the listed claims include any claim to the approved product; 
(ii) The method of using the approved product, if the listed claims include any claim to the 
method of using the approved product; and 

(Hi) The method of manufacturing the approved product, if the listed claims include any claim to 
the method of manufacturing the approved product. " 

Claims 1, 3, 5, 6, 8, 10, 1 1, 13, 15, 16, 18 and 20 of the '078 patent cover the Jarvik 2000 
Heart, as shown in the charts below: 
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An artificial heart, heart assist, or blood 
pumping device adapted to propel blood 
therethrough by means of rotary hydrodynamic 
fluid pumping elements, comprising: 


The Jarvik 2000 Heart is an artificial device 
using a rotary (axial flow) pump designed to 
assist blood pumping. 

See, e.g., Exhibit B ("Jarvik 2000 Heart 
Surgical Training Manual"). 


(a) inflow and outflow means by which to 
connect said device to the vascular system, 


The Jarvik 2000 Heart can be connected to 
both the natural left ventricle (inflow) and 
aorta (outflow). 

See, e.g., Exhibit B at 8-10. 


(b) blood containing housing means within 
which a pumping mechanism is contained, 


The Jarvik 2000 Heart has a housing 
containing pumping components, such as 
pumping blades. 

See, e.g., Exhibit E ("Jarvik 2000 Heart 
Assembly Sheet"). 


(c) minimally-hemolytic axial flow, mixed 
flow, or centrifugal flow rotary pump impeller 
means, mechanically supported and rotated by 
a magnetically actuated rotor, 


The Jarvik 2000 Heart has an impeller attached 
to and rotated by a rotor. The rotor is 
magnetically rotated by way of magnetic 
force(s) created by a DC motor. 

See, e.g., Exhibit B at 9. 


(d) minimally-hemolytic wear-resistant blood- 
immersed mechanical journal bearing means 
supporting said rotor for rotation in a 
configuration such that all of the exposed 
junctions of the rotating and stationary 
components of the pumping elements are 
washed by high enough blood flow to prevent 
thrombus accumulation sever[e] enough to 
cause failure of the pump, and 


The Jarvik 2000 Heart uses a stationary inflow 
bearing pin supported within a rotating sleeve. 
The blood flow along and around the pin is 
directed against the gap between the pin and 
the sleeve to wash this junction. The outflow 
bearing uses a similar arrangement with high 
flow washing of the junction between the pin 
and sleeve. 

Affirmative effects of this design in preventing 
undue thrombus accumulation can be seen, for 
example, in the Jarvik 2000 Heart's positive 
implantation and test record. 

See, e.g.. Exhibit B; Exhibit E; Exhibit F (Six 
Years of Continuous Mechanical Circulatory 
Support, N Engl J Med 355:3 (2006) at 325- 
27). 
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(e) power means and magnetic actuator means 
to provide force to rotate said rotor and 
impeller means thereby pumping the blood[.] 


The Jarvik 2000 Heart has a DC motor 
designed to apply magnet force(s) on a rotor 
magnet that is associated with the rotor, and 
which can have the effect of rotating the rotor. 
The impeller is attached to the rotor. 

See, e.g., Exhibit E. 



CMm 3 of USP 4994078 



The device of claim 1, of sufficiently small 
size and anatomic configuration to be 
implanted either within the chamber of the left 
ventricle, within the chamber of the right 
ventricle, or both, so as to produce adequate 
flow and pressure to replace the entire 
pumping function of the ventricle or ventricles 
in which it is implanted. 




The Jarvik 2000 Heart is sized and configured 
to be implanted in, for example, the left 
ventricle of a natural heart. When implanted as 
such, the Jarvik 2000 Heart is able to maintain 
sufficient blood flow and pressure. 

See, e.g., Exhibit Bat 8-10. 







The device of claim 1 , in which: 
(a) said power means and magnetic actuator 
means comprise a brushless DC motor having 
motor windings and laminations disposed 
radially about said annular blood channel and 
having a motor rotor disposed therewithin, 
such that an annular blood channel passes 
through the gap between the motor rotor and 
the motor windings generally referred to as the 
motor "air gap"[.] 


The Jarvik 2000 Heart has a DC motor having 
windings and laminations. The rotor is 
disposed radially inward of the laminations, 
creating a gap for blood to flow therethrough 
between the motor and the rotor. 

See, e.g.. Exhibit B at 9; Exhibit E. 


(b) the outside diameter of the motor rotor is 
equal to or greater than two thirds of the inside 
diameter of the motor windings and 
laminations but not so large as to excessively 
obstruct said annular channel through which 
the blood must pass. 


The Jarvik 2000 Heart rotor outside diameter 
(about .396 ,! ) is more than two-thirds of the 
inside diameter of the laminations (about 
.570"). The rotor does not excessively obstruct 
blood flow, as the Jarvik 2000 Heart can pump 
blood over 6 liters per minute at 12,000 RPM. 

See, e.g., Exhibit B at 8, 1 1 ; Exhibit E. 
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The device of claim 1 , including magnetic or 
mechanical thrust bearing means or a 
combination of both. 



Mtvik 20CHI Heart 



The Jarvik 2000 Heart includes mechanical 
thrust bearings at least where the tips of the 
bearing pins contact the tips of mechanical 
stops mounted within the bearing sleeves. The 
Jarvik 2000 Heart also includes magnetic 
thrust bearing capacity designed to oppose the 
direction of axial thrust developed by the 
impeller during operation. 

See, e.g., Exhibit E. 



The device of claim 1 in which said bearing 
means include: 

(a) a smooth wear resistant small diameter 
shaft; 


The Jarvik 2000 Heart bearing sets each have a 
smooth shaft portion. 

See, e.g., Exhibit E. 


(b) a cylindrical sleeve composed of a wear 
resistant material, having an elongated hole 
through which said shaft passes of a diameter 
only slightly larger than the diameter of the 
shaft, such that only a minimal volume of 
blood occupies the gap between the shaft and 
the sleeve. 


The Jarvik 2000 Heart bearing sets each 
include a sleeve in which the respective shaft 
portions are situated. Each sleeve diameter is 
only slightly larger than the respective shaft 
portion diameter. 

See, e.g.. Exhibit E. 



€imm fOoTlIS? 4994878 



The device of claim 1 in which elements of 
said magnetic actuator means are so adapted as 
to provide axial forces to absorb all or part of 
the axial thrust load applied to said rotor as a 
result of rotation of the impeller within the 
blood and as a result of gravitational and 
inertial effects. 



Jsrvik 2600 Heart 



The Jarvik 2000 Heart rotor magnet is 
designed to absorb at least a portion of the 
axial thrust loads applied to the rotor in 
operation. The orientation of the Jarvik 2000 
Heart is generally such that, in operation, the 
fluid force thrust load resulting from pumping 
and the gravitational and inertial forces on the 
device are in an opposite direction to magnetic 
force(s) acting upon the rotor magnet. 

See, e.g., Exhibit B at 10, 12; Exhibit E. 
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An artificial heart, heart assist, or blood 
pumping device adapted to propel blood 
therethrough without excessive blood damage 
or thrombosis by means of rotary 
hydrodynamic fluid pumping elements, 
comprising: 


The Jarvik 2000 Heart is an artificial device 
using a rotary (axial flow) pump designed to 
assist blood pumping. The device generally 
causes little hemolysis or thrombus. 

See, e.g., Exhibit B. 


(a) inflow and outflow means by which to 
connect said device to the vascular system, 


The Jarvik 2000 Heart can be connected to 
both the natural left ventricle (inflow) and 
aorta (outflow). 

See, e.g.. Exhibit B at 8-10. 


(b) blood containing housing means including 
a generally cylindrical tubular segment, 


The Jarvik 2000 Heart has a generally tubular 
housing containing pumping components. 

See, e.g., Exhibit B at 9; Exhibit E. 


(c) axial flow or mixed flow rotary pump 
impeller means adapted to pump blood with 
minimal hemolysis, mechanically supported 
and rotated by magnetically actuated rotor 
means, 


The Jarvik 2000 Heart has an impeller attached 
to and rotated by a rotor. The rotor is 
magnetically rotated by way of magnetic 
force(s) created by a DC motor. 

See, e.g., Exhibit B at 9. 


(d) said magnetically actuated rotor means 
structured to be immersed in blood within said 
generally cylindrical housing segment, and 
mechanically supported by radial bearing 
means in a configuration such that all of the 
exposed junctions of the rotating and stationary 
components of the pumping elements are 
washed by high enough blood flow to prevent 
thrombus accumulation severe enough to cause 
failure of the pump, 


The Jarvik 2000 Heart rotor is immersed in 
blood during operation within the housing, and 
supported by bearing pins and sleeves. The 
exposed junctions of the bearing pins and 
sleeves are washed by high velocity blood 
stream during operation. 

Affirmative effects of this design in preventing 
undue thrombus accumulation can be seen, for 
example, in the Jarvik 2000 Heart's positive 
implantation and test record. 

See, e.g., Exhibit B; Exhibit E; Exhibit F. 


(e) said rotor means and said generally 
cylindrical segment of said housing means 
having therebetween an annular generally 
cylindrical blood channel through which flows 
all or part of the blood pumped by the device 
and across which forces to rotate the rotor are 
exerted magnetically, and, 


The Jarvik 2000 Heart has an annular blood- 
flow channel extending between the housing 
and rotor along a substantial portion of the 
length of the device. Magnetic force(s) created 
by the DC motor may act across the channel. 

See, e.g., Exhibit E. 
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(f) power means and magnetic actuator means 
to provide force to rotate said rotor and 
impeller means thereby pumping the blood. 



The device of claim 1 1 , of sufficiently small 
size and anatomic configuration to be 
implanted either within the chamber of the left 
ventricle, within the chamber of the right 
ventricle, or both, so as to produce adequate 
flow and pressure to replace the entire 
pumping function of the ventricle or ventricles 
in which it is implanted. 



The device of claim 1 1 , in which: 
(a) said power means and magnetic actuator 
means comprise a brushless DC motor having 
a motor windings and laminations disposed 
radially about said annular blood channel and 
having a motor rotor disposed therewithin, 
such that said annular blood channel passes 
through the gap between the motor rotor and 
the motor windings generally referred to as the 
motor "air gap", 



(b) the outside diameter of the motor rotor is 
equal to or greater than two thirds of the inside 
diameter of the motor windings and 
laminations but not so large as to excessively 
obstruct said annular channel through which 
the blood must pass. 




The Jarvik 2000 Heart has a DC motor 
designed to apply magnetic force(s) on a rotor 
magnet that is associated with the rotor, and 
which can have the effect of rotating the rotor. 
The impeller is attached to the rotor. 

See, e.g., Exhibit E. 



Jarvik 2000 Heart 



The Jarvik 2000 Heart is sized and configured 
to be implanted in, for example, the left 
ventricle of a natural heart. When implanted as 
such, the Jarvik 2000 Heart is able to maintain 
sufficient blood flow and pressure. 

See, e.g, Exhibit Bat 8-10. 



Jarvik 2000 Heart 



The Jarvik 2000 Heart has a DC motor having 
windings and laminations. The rotor is 
disposed radially inward of the laminations, 
creating a gap for blood to flow therethrough 
between the motor and the rotor. 

See, e.g., Exhibit B at 9; Exhibit E. 



The Jarvik 2000 Heart rotor outside diameter 
(about .396 , ') is more than two-thirds of the 
inside diameter of the laminations (about 
.570"). The rotor does not excessively obstruct 
blood flow, as the Jarvik 2000 Heart can pump 
blood over 6 liters per minute at 1 2,000 RPM. 

See, e.g, Exhibit B at 8, 1 1; Exhibit E. 



Claim 15 of USP 4W<®n 
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The device of claim 1 1 , including magnetic or 
mechanical thrust bearing means or a 
combination of both. 



Jfarvifc 2000 Heart 



The Jarvik 2000 Heart includes mechanical 
thrust bearings at least where the tips of the 
bearing pins contact the tips of mechanical 
stops mounted within the bearing sleeves. The 
Jarvik 2000 Heart also includes magnetic 
thrust bearing capacity designed to oppose the 
direction of axial thrust developed by the 
impeller during operation. 

See, e.g., Exhibit E. 



Claim tH of USP 4994878 Jarvik 2000 Heart 


The device of claim 1 1 in which said bearing 
means include: 

(a) a smooth wear resistant small diameter 
shaft; 


The Jarvik 2000 Heart bearing sets each have a 
smooth shaft portion. 

See, e.g., Exhibit E. 


(b) a cylindrical sleeve composed of a wear 
resistant material, having an elongated hole 
through which said shaft passes of a diameter 
only slightly larger than the diameter or the 
shaft, such that only a minimal volume of 
blood occupies the gap between the shaft and 
the sleeve. 


The Jarvik 2000 Heart bearing sets each 
include a sleeve in which the respective shaft 
portions are situated. Each sleeve diameter is 
only slightly larger than the respective shaft 
portion diameter. 

See, e.g., Exhibit E. 



Claim 20 of USP 499407$ 



The device of claim 1 1 in which elements of 
said magnetic actuator means are so adapted as 
to provide axial forces to absorb all or part of 
the axial thrust load applied to said rotor as a 
result of rotation of the impeller within the 
blood and as a result of gravitational and 
inertial effects. 



♦larvlk 2000 Heart 



The Jarvik 2000 Heart rotor magnet is 
designed to absorb at least a portion of the 
axial thrust loads applied to the rotor in 
operation. The orientation of the Jarvik 2000 
Heart is generally such that, in operation, the 
fluid force thrust load resulting from pumping 
and the gravitational and inertial forces on the 
device are in an opposite direction to magnetic 
force(s) acting upon the rotor magnet. 

See, e.g.. Exhibit B at 10, 12; Exhibit E. 
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(10) "A statement, beginning on a new page, of the relevant dates and information 
pursuant to 35 U.S.C. § 156(g) in order to enable the Secretary of Health and Human Services 
or the Secretary of Agriculture, as appropriate, to determine the applicable regulatory review 
period as follows: 

(v) For a patent claiming a medical device: 

(A) The effective date of the investigational device exemption (IDE) and the IDE 
number, if applicable, or the date on which the applicant began the first clinical 
investigation involving the device, if no IDE was submitted, and any available 
substantiation of that date: 

(B) The date on which the application for product approval or notice of 
completion of a product development protocol under Section 515 of the Federal 
Food, Drug and Cosmetic Act was initially submitted and the number of the 
application: and 

(C) The date on which the application was approved or the protocol declared to 
be completed: " 

The relevant dates and information pursuant to 35 U.S.C. § 156(g) to enable the Secretary 
of Health and Human Services to determine that, except for permission to market or use the 
product commercially, United States Patent No. 4,994,078 would be eligible for patent term 
extension are as follows: 

(a) A pre-IDE application was submitted to the FDA on November 16, 1998. 

(b) The IDE application was submitted to the FDA on March 2, 2000 and 
received by the FDA on March 3, 2000. 

(c) The IDE application was approved on March 31, 2000 and was assigned IDE 

No. G000058. 

(d) PMA Shell was submitted to the FDA on November 20, 2007. 

(e) PMA Shell was accepted on January 14, 2008 by the FDA and was assigned 
PMA Shell No. M070017. 
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(11) "A brief description beginning on a new page of the significant activities undertaken 
by the marketing applicant during the applicable regulatory review period with respect to the 
approved product and the significant dates applicable to such activities. " 

A brief description of the significant activities undertaken by or for the applicant 
during the applicable regulatory review period to date with respect to the Jarvik 2000 Heart 
subject to regulatory review and the significant dates applicable to such activities are attached as 
Exhibit G. 
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(12) "A statement beginning on a new page that in the opinion of the applicant the patent 
is eligible for the extension and a statement as to the length of the extension claimed, including 
how the length of extension was determined. " 

Applicant is of the opinion that the '078 patent is eligible for an interim extension of 1 
year under 35 U.S.C. § 156(d)(5). 

The requirements of 35 U.S.C. § 156(d)(5) have been satisfied as follows: 

(a) United States Patent No. 4,994,078 claims the Jarvik 2000 Heart. 

(b) United States Patent No. 4,994,078 is currently set to expire on February 19, 2008 
(i.e. the term of the patent has not yet expired) 

(c) The term of United States Patent No. 4,994,078 has never been extended. 

(d) This application for interim extension is being submitted by Jarvik Heart, Inc. the 
owner of record of United States Patent No. 4,994,078, in accordance with the requirements of 
35 U.S.C. § 156(d)(5). 

(e) The Jarvik 2000 Heart is subject to a regulatory review period under Section 515 
of the Federal Food, Drug and Cosmetic Act (21 U.S.C. § 360) before its commercial marketing 
or use, and permission for the commercial marketing or use, after the regulatory review period, is 
the first such permitted commercial marketing or use under the Federal Food, Drug and 
Cosmetic Act. 

(f) No patent has, to this date, been extended, nor has any other extension been 
applied for, for the regulatory review period which forms the basis for this application for interim 
extension of the term of United States Patent No. 4,994,078. 
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(13) "A statement that applicant acknowledges a duty to disclose to the 

Director of the United States Patent and Trademark Office and the Secretary of Health and 
Human Services or the Secretary of Agriculture any information which is material to any 
determination of entitlement to the extension sought. " 

Applicant acknowledges a duty to disclose to the Director of the United States Patent and 
Trademark Office and the Secretary of Health and Human Services any information which is 
material to the determination of entitlement to the extension sought pursuant to 37 C.F.R. 
§ 1.765. 

(14) "The prescribed fee for receiving and acting upon the application for extension. " 

The prescribed fee for receiving and acting upon this application is believed to be 
$1,120.00 pursuant to 37 C.F.R. § 1.20(j)(l). The Director is authorized to charge this fee and 
any additional required fees, or credit any overpayment, to Jones Day Deposit Account No. 50- 
3013. 

(15) "The name, address and telephone number of the person to whom inquiries and 
correspondence relating to the application for patent term extension are to be directed. " 

Please direct all inquiries and correspondence relating to this application to: 

F. Dominic Cerrito, Esq. 
JONES DAY 

222 East 4 1st Street 

New York, New York 10017 

(212) 326-3939 

A power of attorney is also enclosed so that the record will reflect correspondence should be 
addressed to Customer No. 20583. 

(16) This Application is accompanied by two additional copies of such application for 
a total of three copies as required by 37 C.F.R. § 1.740(b). 

Respectfully submitted, 

Date: February 1 , 2008 -T, Ownww'c- ^yx\^ V)-q Vu^ \ S£ 

F. Dominic Cerrito (Keg. No. 38,100) 

JONES DAY 

222 East 41st Street 

New York, New York 10017 

(212) 326-3939 
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EXHIBIT A 



SOLE 



ASSIGNMENT 



WHEREAS, I, Robert K. Jarvik, ASSIGNOR, citizen of the United States, residing at New York, New York, am 
the inventor of the invention in INTRAVENTRICULAR ARTIFICIAL HEARTS AND METHODS OF THEIR 
SURGICAL IMPLANTATION AND USE for which I have executed an application for a Patent of the United States 

which is executed on even date herewith or , 

which is identified by 

E3 which was filed on February 16, 1989 as application Serial No. 07/31 1,921 and issued on February 19, 1991 as Patent 
No. 4,994,078. 



and WHEREAS, Jarvik Heart, Inc. ("JHI"), ASSIGNEE, a New York corporation having an address at 333 West 52nd 
Street, New York, New York, 10019 is desirous of obtaining my entire right, title and interest in, to and under the said 
invention and the said application: 

NOW, THEREFORE, in consideration of the sum of One Dollar ($1 .00) to me in hand paid, and other good and valuable 
consideration, the receipt of which is hereby acknowledged, I, the said ASSIGNOR, have sold, assigned, transferred and 
set over, and by these presents do hereby sell, assign, transfer and set over, unto the said ASSIGNEE, its successors, legal 
representatives and assigns, my entire right, title and interest in, to and under the said invention, and the said United States 
application and all divisions, renewals and continuations thereof, and all Patents of the United States which may be granted 
thereon and all reissues and extensions thereof; and all applications for industrial property protection, including, without 
limitation, all applications for patents, utility models, and designs which may hereafter be filed for said invention in any 
country or countries foreign to the United States, together with the right to file such applications and the right to claim for 
the same the priority rights derived from said United States application under the Patent Laws of the United States, the 
International Convention for the Protection of Industrial Property, or any other international agreement or the domestic 
laws of the country in which any such application is filed, as may be applicable; and all forms of industrial property 
protection, including, without limitation, patents, utility models, inventors' certificates and designs which may be granted 
for said invention in any country or countries foreign to the United States and all extensions, renewals and reissues thereof; 

AND I HEREBY authorize and request the Commissioner of Patents and Trademarks of the United States, and any 
Official of any country or countries foreign to the United States, whose duty it is to issue patents or other evidence or 
forms of industrial property protection on applications as aforesaid, to issue the same to the said ASSIGNEE, its 
successors, legal representatives and assigns, in accordance with the terms of this instrument. 

AND I HEREBY covenant and agree that I have full right to convey the entire interest herein assigned, and that I have not 
executed, and will not execute, any agreement in conflict herewith. 

AND I HEREBY further covenant and agree that I will communicate to the said ASSIGNEE, its successors, legal 
representatives and assigns, any facts known to me respecting said invention, and testify in any legal proceeding, sign all 
lawful papers, execute all divisional, continuing, reissue and foreign applications, make all rightful oaths, and generally do 
everything possible to aid the said ASSIGNEE, its successors, legal representatives and assigns, to obtain and enforce 
proper protection for said invention in all countries. 



IN TESTIMONY WHEREOF, We hereunto set our hands and seals the day and year set opposite our respective 
signatures. 



Date JTVMUA^y ZZ, 



,2008 




OBERT K. JAR 




A 



4 



L.S. 



State of freU> Vb^ ) 

i/ •„ „ , > ss - : 
County of ^1^9 ^ , 

On Icli^i^ . 2008 , before me. ^^.ttq K^^XU Notary Public, personally appeared 

ROBERT K.-JARVIKT-ffersonally known to me on the basis of satisfactory evidence to be the person(s) whose name(s) is subscribed to 
the within instrument and acknowledged to me that^fie£she/they executed the same indu^her/their authorized capacity(ies), and that by 
(fisher/their signature(s) on the instrument the person! s), or the entity upon behalf of which the person(s) acted, executed the instrument. 

WITNESS my hand and official seal GRAZYNA HOWELL 

r^7\ /c 1 Ur )}<~L>t (X ****** Pubnc> State <* New York 

C *< a /K^^ No. 01HO6149444 

nyi-4057426vi Qualified in Kings County 

Commission Expires July 10, 2010 
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united States Patent and trademark Office 

Under Secretary of Commerce for Intellectual Property and 
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Objective 

The objective of the Surgical Training Manual is to familiarize implant centers and 
their VAD support staff with the procedures for implant and use of the Jarvik 
2000® Heart and its components. This includes: 

• Indications for use along with the contra-indications for use. 

• Jarvik 2000 Heart system description and operating instructions. 

• General Surgical approach for implanting the Jarvik 2000 Heart. 

• Specific surgical information for implanting the Jarvik 2000 Heart. 

• Post surgical patient management recommendations. 



Precautions and Warnings 

• The Jarvik 2000 FlowMaker™ Controller, batteries, cables, and connectors 
are subject to damage from neglect or misuse during daily operation. 

• Handle this equipment carefully as you would a video camera or other 
delicate electronics equipment. 

• The connectors are plastic and may break if not handled cautiously. 

• Protect the cables from damage which can be caused by pulling, cutting, 
heat, liquids or chemicals. 

• The FlowMaker Controller contains electronic components. The controller 
case protects these components from shock and liquids. The case and 
internal components are subject to damage if dropped. 

• The batteries may be damaged if dropped. The cables and connectors can 
break or short-circuit if over stressed or pulled and should always be 
protected from catching on objects, or being kinked, twisted, or tangled. 

• Never lift or hang the FlowMaker Controller or batteries by the 
cables. 



• The FlowMaker Controller and batteries should be kept at temperatures 
above 32°F 
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(0°C) and below 110°F (43°C). Do not leave them in hot or cold 
environments, such as the trunk of a car in the summer or winter. 

• As a precaution, always keep the equipment at or near room 
temperature. 

• When exposed to cold temperatures for an extended period, maintain the 
control system and batteries under your coat. 

• The FlowMaker Controller and Li-ion batteries are splash resistant but not 
waterproof. Any liquids spilled on them should be cleaned off immediately 
with a clean dry cloth or paper towel. 

• It is safe to shower with the pump implanted. Based on the healing of 
the surgical wound, your physician will decide when you can do so. When 
you take a shower, be sure to place the FlowMaker Controller and 
batteries outside of the shower area and cover them with a dry towel or 
bag. 

• The plug-in battery chargers are not splash resistant and must be kept dry 
and protected from spills. 

• The large reserve battery used during sleep must also be kept dry and 
should never be plugged into wall power when in use to run the pump. 

• You should never have magnetic resonance imaging (MRI) done. The 

magnetic 

field may interfere with the function of the pump leading to pump stoppage or 
may injure you. 

• Routine diagnostics such as X-rays, echocardiography and CT-scans 

have no influence on the performance of the pump. 

• The Jarvik 2000 Heart incorporates a Hemashield Vascular Graft. This graft 
should not be implanted in patients with a known sensitivity to products of 
bovine origin. 

• You do not have a battery implanted to run the pump. Your pump will 
stop if the FlowMaker Controller is disconnected from the pump cable. It will 
also stop if the controller is disconnected from the "Y" cable or battery cable. 
You should reconnect the cables immediately to restart the pump. 

• The small 1 /2 AA battery in the FlowMaker Controller powers the alarms 
only and is not sufficient to run the pump. Replace this battery every two 
months. 



• The Jarvik Heart is never connected to wall power even if the reserve 
battery charger is plugged into wall power. At all times, it is only run from 
batteries. 
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• If the gray plug from the reserve battery is plugged into the FlowMaker 
Controller and the black power plug is plugged into the wall you still are 
receiving power only from the battery. 

• The Jarvik 2000 Heart incorporates a Hemashield Vascular Graft. This graft 
should not be implanted in patients with a known sensitivity to products of 
bovine origin. 



• All external cables should be replaced after 6 months of use for all 
patients supported with the Jarvik 2000 system. 

These include: 

o External Abdominal Cable from Pump to Controller, 
o The Y-Cable from the Controller to the Li-ion Battery Cable, 
o The Li-ion Battery Cable from the Y-Cable to the Li-ion Battery 
Pack. 

Indications for Use 



The Jarvik 2000 Heart is intended to be used in patients with end-stage heart 
failure who are approved heart transplant candidates and who meet all of the 
study's inclusion criteria and none of its exclusion criteria. This system has been 
designed to provide circulatory support by augmenting the function of the left 
ventricle. The device is capable of augmenting left ventricular output by pumping 
in excess of six L/min. The duration of support is expected to be a few weeks to 
over six months, but it may be longer than a year as removal will be dependent 
on the availability of a suitable donor heart. 

Patient Selection 



Patients with end-stage heart failure will be considered potential candidates for 
this investigation. All subjects must be transplant-listed UNOS status IA or IB 
patients. Two categories of subjects will be enrolled: Category I will include 
patients with chronic heart failure at high risk of dying suddenly before a suitable 
heart donor becomes available in whom the implantation is done on an elective 
basis; Category II will include patients who undergo acute cardiac 
decompensation while waiting for heart transplantation, and require the implant 
as an emergency. Specific inclusion and exclusion criteria are outlined below. 

Category I 



• Transplant listed UNOS status IA or IB patients. 

• BSA <2.3 m 2 and >1 .5 m 2 . 
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• Pulmonary capillary wedge pressure of >18 mmHg, with a cardiac index of 
<2.0 L/min/m 2 or systolic blood pressure of <80 mmHg. 

• Dependent on one or more intravenous inotropic agents or an intraaortic 
balloon pump (IABP). Inotropic agents may include dopamine, dobutamine, 
milrinone, epinephrine, and digitalis. 



Category II 

• Transplant listed UNOS status IA or IB patients 

• Hospitalized 

• Receiving inotropic or IABP support 

• Acute cardiac decompensation or cardiac arrest (systolic blood pressure, <60 
mmHg) 

Patients who meet the category-l criteria are those with chronic heart failure who 
undergo progressively cardiac deterioration and are unlikely to find a suitable 
donor heart donor within an acceptable period. Most participants will be in this 
category. 

Patients who meet the category-l I criteria are those with chronic heart failure and 
severe hypotension and/or cardiac arrest despite continuous inotropic support. 
Patients who cannot be weaned from cardiopulmonary bypass after coronary 
artery bypass or valve surgery will not be included in this study. Also, patients 
with acute myocardial infarction will not be considered. 

Contraindications 



• The Jarvik 2000 Heart incorporates a Hemashield Vascular Graft. This graft 
should not be implanted in patients with a known sensitivity to products of 
bovine origin. 

• Renal failure necessitating hemodialysis for at least 7 days during the 
preceding 30 days. 

• Chronic obstructive pulmonary disease, as documented by pulmonary 
function testing (FEVi <35% of the predicted normal value). 

• Fixed pulmonary hypertension: pulmonary vascular resistance of >5 Wood 
units with pulmonary vasodilator therapy. 

• Right-sided heart failure: right ventricular ejection fraction of <10%, with 
pulmonary vascular resistance of >5 Wood units. 

• Acute ventricular septal defect. 
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• Sustained ventricular fibrillation or ventricular tachycardia necessitating 
standard advanced cardiac life support, including cardiac massage, and 
lasting for more than 1 hour. 

• Presence of an artificial aortic valve. 

• Severe (3+ to 4+) aortic regurgitation. 

• Evidence of intrinsic hepatic disease defined as liver enzyme values 
(aspartate aminotransferase, alanine aminotransferase, or total bilirubin) >2-3 
times the upper limit of normal within 4 days before enrolment, or biopsy- 
proven liver cirrhosis. 

• Systemic infection: positive blood cultures and clinical signs of sepsis (WBC 
>1 2,000 mm 3 , temperature >38°C) that cannot be treated with appropriate 
antibiotic therapy because of resistant organisms. 

• Severe blood dyscrasia: prothrombin time >16 seconds; partial 
thromboplastin time >45 seconds; platelet count of <50,000 mm 3 without 
anticoagulant or antiplatelet therapy. 

• Malignancy not in remission 

• Peripheral vascular disease causing lower-extremity ischemic pain at rest and 
not treatable with surgery. 

• Current participation in investigational trials with other devices, drugs, or 
biologic agents. 

• HIV-positive status. 

• Pregnancy 

• Cause of heart failure due to non-dilated cardiomyopathy and/or associated 
with uncorrected thyroid disease, obstructive cardiomyopathy, pericardial 
disease, amyloidosis, or active myocarditis. 

• History of heparin-induced thrombocytopenia or other known coagulopathy. 

• Refusal of blood transfusion. 

• Severe calcification of the ascending or descending thoracic aorta. 

Potential Complications 

The possibility exists that serious potential complications may arise from the use 
of the Jarvik 2000 Heart. 

Potential Complications: the potential complications associated with the use of 
the Jarvik 2000 Heart include: 

• Death 

• Excessive bleeding 

• Reoperation 

• Thromboembolism (blood clots that form and can travel to other parts of 
the body) 

• Device thrombosis (blood clots around the device) 

• Systemic hypotension (low blood pressure) 
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• Failure to the right side of the heart 

• Cardiogenic shock (inability of the heart and the device to supply an 
adequate amount of blood to the body) 

• New myocardial infarction (heart attack) 

• Cardiac mural thrombi (blood clots on the walls of the heart) 

• Cardiac arrhythmia (irregular heart rhythm) 

• Coagulopathy (a condition in which the blood cannot clot properly) 

• Infection 

• Hemolysis (the destruction of red blood cells) 

• Liver dysfunction 

• Kidney dysfunction 

• Lung dysfunction 

• Mechanical failure (the assist device or one of its components might fail to 
operate) 

• Stroke or neurological dysfunction 

• Air emboli (air entry into the vascular system) 
There may be additional risks which are presently unknown. 

Device Description 

The Jarvik 2000 Heart is a miniature rotary pump called an axial flow pump. It is 
silent and compact, the size of a "C" cell flashlight battery and is surgically 
positioned within the heart. It is 1 inch in diameter, weighs 90g and displaces a 
volume of 25ml. The pump is implanted into the apex of the left ventricle by left 
thoracotomy, mid-sternotomy, or by the subcostal approach. A vascular graft 
offloads to either the descending or to the ascending thoracic aorta, or to the 
abdominal aorta. The impeller rotates at speeds of 8,000 to 12,000 rpm providing 
blood flow of up to 6 L/min with power consumption <10 watts. Power supply is 
through an abdominal drive line. 

The motor and all internal components of the pump are hermetically sealed in a 
titanium case ensuring body contact with only bio-compatible materials. 

Electric power is supplied to a motor within the pump through a small cable that 
passes into the body through the abdominal wall and then to the Jarvik 2000 
Heart. This cable has a black connector on the end of it which must be plugged 
into an external cable which is in turn connected to the FlowMaker™ Controller. 
This controller converts the direct current electricity from the battery to the proper 
type of electric power to run the motor at the selected speed. 

The Jarvik 2000 Heart is designed to act as a true booster pump and permits 
your natural heart to do as much of the pumping work as possible. 
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Jarvik 2000 Overview 



Jarvik 2000 Blood Pump 




System Configuration Rationale 

• True booster pump function - pulsatility from LV contraction. 

• Partial LV decompression with afterload reduction. 

• Intraventricular placement: 

Eliminates fibrous Capsule empyema. 
Eliminates inflow cannula. 
Avoids tethering apex. 
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Advantages of Axial Flow Blood Pumps 

• Fully implantable, no atmosperic vent or compliance chamber 

• Small 

• Silent 

• No Valves required 

• Less complex 

• May be pulsatile or nonpulsatile 
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Hemodynamic Efficacy in Patients 



Cardiac output up to 6 l/min.; cardiac index > 3 l/min/m 2 . 

Aortic pressures low normal with systemic hypertension are rare. 

Pulmonary hypertension may lead to right heart failure. 

Axial Flow 
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Fixed Speed Controller 
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A method of treating heart failure is disclosed in which, 
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INTRAVENTRICULAR ARTIFICIAL HEARTS AND 
METHODS OF THEIR SURGICAL 
IMPLANTATION AND USE 

5 

This application is a continuation-in-part of U.S. ap- 
plication Scr. No. 07/156,896, filed Feb. 17, 1988, now 
abandoned. 

BACKGROUND , 0 

The widespread success of cardiac transplantation 
has definitively proven that replacement of the irrepara- 
bly damaged heart can sustain patients in good health 
for many years. The use of a transplanted second heart 
in the "Piggyback" position has further illustrated that u 
functional support of the badly damaged heart is also 
highly effective. In 1986, more than 1300 patients re- 
ceived heart transplants in the United States, but many 
thousands who could have been saved with heart trans- 
plants died because there were not enough available 20 
donor organs. Studies indicate that more than 10,000 
patients per year would be candidates for heart trans- 
plantation if enough organ donors were available, and 
many more would be candidates for permanent artificial 
hearts and cardiac assist devices Some estimates place 25 
the numbers of patients per year who could be saved 
with permanent artificial hearts between 17,000 to 
80,000. 

The JARVIK 7® 1 total artificial heart is the only 
permanent artificial heart which has been used in hu- 30 
mans through 1987. The average survival of the five 
patients so treated was in excess of months, with the 
longest patient surviving nearly two years (620 days). 
These patients experienced many complications associ- 
ated with the early use of a new technology; however, 3J 
the feasibility of long-term survival was established. 

'JARVIK 7 ® is a regiitered trademark of Symbion, Incorporaied, Salt 
Lake City, Utah. 

The JARVIK 7 ® heart has been used much more 
extensively as a temporary bridge to transplant to per- 
mit patients to survive long enough for a donor heart to 40 
be obtained. More than 80 patients were implanted with 
the JARVIK 7® heart as a bridge during 1985, 1986, 
and 1987. The procedure has been done at twenty medi- 
cal centers in five countries with greater than 75% 
success, defined as the ability to sustain the patient long 45 
enough to receive a donor organ. A high percentage of 
these patients have survived long term, and many are 
back to work full time. 

Thus, it has clearly been demonstrated that artificial 
hearts can be effectively used on a widespread basis, 30 
and that long-term survival can be obtained. However, 
to date, no artificial heart system has been developed 
which is truly practical for widespread application in 
thousands of patients. The problems associated with 
present devices involve the inability to provide a high 55 
quality of life with high mobility, adequate cardiac 
function for moderate exercise, and freedom from com- 
plications, including blood damage, blood clotting, and 
infection. Additionally, present systems are relatively 
cumbersome and require a very extensive level of fol- 60 
low-up care, including medical management of the pa- 
tient and work with the artificial heart drive equipment. 

Each of the numerous artificial hearts that has been 
patented or disclosed in the literature has attempted to 
solve one or more problems recognized as important for 63 
successful function of artificial hearts. Some attempts 
have been made to develop artificial heart systems 
which provide a sufficiently acceptable solution to all 



crucial functional problems and could, therefore, be 
truly practical. The reversing electro-hydraulic artific- 
ial heart disclosed in my U.S. Pat. No. 4,173,796 was 
one attempt at such a system. Nuclear-powered artific- 
ial hearts developed by the Atomic Energy Commission 
and The National Institutes of Health, as well as electri- 
cally-powered left ventricular assist systems, such as the 
Thermetics System and the Novacor System, devel- 
oped with N. I. H. support, have been other attempts. 
However, all these devices have suffered from prob- 
lems related to system complexity, large size and 
weight, or difficulty in control modes and certain fun- 
damental characteristics such as the presence of connec- 
tors and crevices within the devices where blood clots 
can form. No truly seamless electrically- or pneumati- 
cally-powered artificial heart system has been disclosed 
in the prior art. 

The problem of thrombus formation and the potential 
for thromboembolism and stroke is not related only to 
the existence of seams and crevices within the artificial 
heart itself. It is also related to the materials of which 
the heart is fabricated and to the artificial heart valves 
used. These factors dictate the need for anticoagulant 
drugs which are undesirable although necessary with 
devices of the type presently used. Prosthetic heart 
valves may be categorized generally into mechanical 
and tissue valves. The mechanical valves generally 
require anticoagulation, and the tissue valves generally 
do not. Efforts to incorporate tissue valves into artificial 
hearts have met with varying degrees of success. As 
these valves are obtained from animals, they are of 
irregular shape and are difficult to mount within the 
artificial heart. However, they are highly efficient and 
function well at high heart rates. The mechanical 
valves, in general, are more easily mounted into artific- 
ial hearts but require anti-coagulation, may cause signif- 
icant blood damage under certain pumping conditions, 
and may be the source of the greatest noise within the 
artificial heart. In some cases, surgical methods have 
been developed to preserve the natural outflow valves 
of the patient's heart, which reduces the number of 
prosthetic valves needed, reduces the risk of blood 
clots, and also reduces the cost. 

Data from the patients sustained long term with the 
JARVIK 7® artificial heart indicates that the heart 
valves (Medtronic-Hall valves) were a major source of 
blood damage if the heart drive system was set to a high 
dp/dt value. They were a likely cause of damage to 
white blood cells and possibly affected the body's im- 
mune defenses. The valves were definite sites for throm- 
bus formation (both on the valve stents and in the crev- 
ices where they are mounted to the heart), and were 
related to formation of pannus (scar tissue overgrowth) 
in long-term cases. Selection and appropriate use of 
prosthetic heart valves with artificial heart systems can 
determine success or failure of the entire system. 

Infection with permanent artificial hearts is another 
extremely important problem which is directly related 
to the design of the device and the follow-up care the 
patient receives. Pneumatically-powered artificial 
hearts having relatively large air tubes penetrating the 
skin carry a high risk of infection when used for periods 
in excess of one month. The percutaneous lead where 
the tubes penetrate the skin requires special cleansing 
and hygiene and is certainly a site where bacteria may 
enter. Although some successful percutaneous lead 
systems have been developed capable of permitting 
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electric wires to be passed through the skin without 
infection for periods as long as ten years, no effective 
systems for preventing infection with large diameter 
tubes have been developed to date. 

There is little doubt that infection is related not only 5 
to a direct mechanism of entry of the infecting organ- 
isms into the body but also is related to the presence of 
prosthetic materials within the body and the body's 
defense mechanisms in the vicinity of these prosthetic 
materials. For example, prosthetic heart valves may 10 
become infected following dental work when bacteria 
entering the blood stream near the teeth are carried to 
the heart and infect the artificial valves. Most artificial 
heart systems are complex devices with a large surface 
area of foreign materials within the body. When these 15 
foreign materials are placed in certain areas susceptible 
to infection, the artificial heart may become infected. 
Surgical procedures which do not prevent all bleeding 
at the time of closing the chest may leave blood clots 
around the outside of the artificial heart and within the 20 
chest cavity that can serve as a source of nutrients to 
infecting bacteria. 

In order to present the lowest risk of infection artific- 
ial heart systems should: 

(1) Cause no functional derangements in the immune 25 
system via the interaction of mechanical damage to 
the white blood cells or via other mechanisms. 

(2) Permit surgical implantation with minimal bleed- 
ing. 

(3) Present the minimal surface area of artificial mate- 30 
rials to the bloodstream and occupy a minimum 
volume within the body without excessive surface 
area. 

(4) Be anatomically adapted to fit within the body 
without causing pressure necrosis of the tissues. 35 

(5) Heal into the body tissues well with close proxim- 
ity of vascularized tissues in the vicinity of the 
surface of the artificial heart. 

(6) Require no skin penetration unless such a system is 
a completely effective barrier against the entrance 40 
of bacteria. 

To meet the above criteria, the optimum artificial 
heart should be capable of implantation within the natu- 
ral pericardial sac and thus should be as lightweight and 
compact as possible. 45 

Approximately 80% of the hemodynamic work of 
the heart is performed by the left ventricle. Further- 
more, disease of the right ventricle is far less common 
than disease of the left. For these and other reasons, 
many devices have been developed to assist the left 50 
ventricle while relying on the function of the natural 
right ventricle. Some cases have been reported in the 
literature of patients treated with left ventricular assist 
devices where there was no right ventricular function, 
and the patients survived, but in many cases with tern- 55 
porary assist, left ventricular support only is insuffi- 
cient, and patients may die from right heart failure if no 
right ventricular support is provided. However, some 
surgical procedures have been developed to permit long 
survival in patients with congenital heart malformations 60 
where they essentially have no right ventricular func- 
tion. Blood entering the right atrium is shunted directly 
into the pulmonary artery, and patients survive long 
term with no right ventricular pumping. Most left ven- 
tricular assist systems designed for permanent implanta- 65 
tion have attempted to augment the pumping capability 
of the left ventricle and not replace it entirely. This has 
caused a number of significant constraints on the design 
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of the systems and has often complicated control, re- 
quiring synchronization with the natural heart. 

Frazier et al. (Journal of Heart Transplantation, Vol- 
ume 5, Number 4, July/August 1986) have reported a 
method of replacing the left ventricle with an artificial 
ventricle while leaving the natural right ventricle in 
place. In this method, the left ventricular muscle is cut 
away from the heart, leaving the intraventricular sep- 
tum in place. Thereafter, the artificial heart is connected 
to the atrium and aorta. The artificial ventricles used 
include two prosthetic heart valves and, with the excep- 
tion of leaving the natural right ventricle in place, the 
surgical implantation technique is very similar to the 
techniques widely used to implant the left ventricle in 
the case of total artificial heart surgery. However, the 
concept of retaining right heart function and substitut- 
ing an artificial ventricle for the natural ventricle on the 
left side has merit. Among the disadvantages of Fra- 
zier's method are the lack of mechanical support for the 
septum which distorts the natural anatomic relationship 
of the right heart thereby reducing its pumping effi- 
ciency, and disruption of the blood supply to the heart 
muscle which reduces its effectiveness. 

Some efforts have been made to replace the function 
of the left myocardium including the use of mechanical 
devices implanted in the left ventricular muscle wall or 
balloons implanted within the cavity of the left ventri- 
cle or in the left ventricular muscle wall. One such 
device is the prosthetic myocardium developed by Dr. 
Adrian Kantrowitz. A disadvantage of a balloon placed 
in the left ventricle is that it interferes with the chordae 
tendineae of the mitral valve. If the natural ventricular 
muscle is weak, the heart may dilate and effectively act 
like a large ventricular aneurism, causing a great deal of 
compliance loss, which reduces the efficiency of the 
pumping function of the balloon. In effect, air is 
pumped into the balloon to displace blood by blowing 
the balloon up, the wall of the ventricle bulges to ac- 
commodate the change in volume, and the blood is not 
actually ejected out of the ventricle through the aortic 
valve. Thus, balloons in the left ventricle have limited 
effectiveness. Additionally, a prosthetic myocardium of 
the type developed by Dr. Kantrowitz can suffer from 
similar significant compliance losses if the natural tis- 
sues of the left ventricle are severely diseased or re- 
placed by scar tissue. 

The present invention places specially-designed 
blood pumps within the natural left ventricular cavity 
and a prosthetic valve, preferably a tissue valve, is im- 
planted in the natural heart to replace the mitral valve 
using surgical techniques similar to conventional valve 
replacement. The patient's aortic valve may be pre- 
served in some individuals or may also be replaced with 
a prosthetic valve. The blood pumps are very compact 
in order to fit within the cavity of the natural left ventri- 
cle. Pulsatile pumps operating at relatively high heart 
rates with a relatively small stroke volume are utilized. 
Rotary hydrodynamic blood pumps may also be uti- 
lized, in which case both the mitral and the aortic valves 
are excised. The artificial heart is surrounded by the 
natural left ventricular tissues, which remain within the 
pericardium. The natural coronary artery system is not 
disrupted, and therefore blood continues to flow to the 
natural myocardial tissues, which continue to beat. 
Right heart function is therefore preserved, and the 
septal geometry is relatively normal. The myocardial 
tissues which surround the artificial intraventricular 
blood pump provide a vascular supply to the outside of 
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the artificial ventricle, permitting tissue ingrowth and a 
stable junction, which is protected from infection by the 
body's defense mechanisms provided via the vascular 
supply. The surface area of the blood-contacting mem- 
branes is minimized and can be made entirely seamless if 
the natural tissues of the heart are utilized to support the 
prosthetic heart valves that are not part of the artificial 
heart itself. 

Table 1 compares heart transplants with ten types of 
permanent circulatory support systems. These general 
categories encompass most, but not all, of the possible 
permanent circulatory support systems. In each cate- 
gory, either left ventricular or biventricular systems are 
possible, and they are considered to be generally simi- 
lar. The various systems are compared according to 
their availability, hemodynamic function, risk of throm- 
bus, system complexity and reliability, infection or re- 
jection risk, quality of life, and cost. The systems have 
been subjectively scored on a scale from 0 to 4, in the 
experience and judgment of the inventor, Dr. Jarvik, 20 
recognizing that somewhat different scores might be 
assigned by other experts in the field. These scores are 
based on reasonable expectations for the optimized 
devices of each category following major research and 
developments efforts. Heart transplant, nuclear-pow- 
ered artificial hearts, intrathoracic electrical artificial 
hearts both transcutaneously and percutaneously pow- 
ered, and intrathoracic pneumatic artificial hearts have 
all been extensively studied and reported in the litera- 
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weaknesses in the varying existing designs. For any 
permanent circulatory support system to succeed, it 
must be acceptable in all of the mentioned categories. A 
score of 0, which represents the identification of an 
unacceptable weak point in the system, implies that the 
system will not be viable under present medical and 
socio-economic conditions. For example, the risk of 
infection for the pneumatic intrathoracic artificial 
hearts, which have large tubes penetrating the skin, has 
been assessed as unacceptable. Although patients' lives 
may be sustained for more than a year with such de- 
vices, ultimately the great majority of these hearts are 
expected to become infected and cause the deaths of the 
patients. It is not impossible that effective percutaneous 
infection barriers for large tubes could be developed, 
but at the present time, this appears unlikely. 

A review of the comparative assessments given in 
table shows that intraventricular artificial hearts may 
have the potential to surpass the performance of heart 
transplants and certainly have the potential to be far 
superior to present-day pneumatic and nuclear-powered 
artificial hearts. Intrathoracic transcutaneously-pow- 
ered electric artificial hearts and intrathoracic muscle- 
powered devices also show reasonable potential for 
practical long-term success. 

The preferred embodiment is electrically-powered, 
although intraventricular artificial hearts may be pow- 
ered by many methods including electro-hydraulic and 
electro-magnetic actuators. 



TABLE 1 



PERMANENT CIRCULATORY SUPPORT SYSTEMS 
HEMO- SYS- 
A- DY- TEM INFEC- QUAL- 
VAIL- NAMIC THROM- RELI- TION/ ITY 
ABI- FUNC- BUS AB1- REJEC- OF TO- 
LITY TION RISK LITY TION LIFE* COST TAL 

ALL COMPONENTS IMPLANTED INTERNALLY 

WITHIN PERICARDIUM 
I HEART TRANSPLANT 

n INTRAVENTRICULAR MUSCLE POWERED 
WITHIN CHEST, ABDOMEN, ETC 
III INTRATHORACIC BLOOD PUMP WITH 
INTRATHORACIC MUSCLE POWER 
INTRAVENTRICULAR BLOOD PUMP 
WITH INTRATHORACIC MUSCLE POWER 
INTRATHORACIC BLOOD PUMP WITH 
THORACIC/ABDOMINAL NUCLEAR 
POWER 

BOTH INTERNAL & EXTERNAL COMPONENTS WITH SKIN IMPACT 
INTRAVENTRICULAR ELECTRIC 4 3 4 3 3 

(TRANSCUTANEOUS) 

VII INTRATHORACIC ELECTRIC 4 3 3 2 3 
(TRANSCUTANEOUS) 

BOTH INTERNAL & EXTERNAL COMPONENTS WITH SKIN PENETRATION 

VIII INTRAVENTRICULAR ELECTRIC 4 3 4 3 1 
(PERCUTANEOUS) 

IX INTRATHORACIC ELECTRIC 4 3 3 1 1 
(PERCUTANEOUS) 

X INTRAVENTRICULAR PNEUMATIC 4 3 4 3 0 
OR HYDRAULIC 

XI INTRATHORACIC PNEUMATIC 4 3 3 2 0 
OR HYDRAULIC 



IV 
V 



VI 



22 
21 

20 
20 
14 

23 
19 

21 
16 
15 
14 



KEY 

* - EXCELLENT, 
3 - GOOD. 
2 • FAIR. 
I - POOR, 

0 - UNACCEPTABLE 

'Quality of Life • Portability, Activities Limits, Maintenance. Externa) Batteries, etc. 



ture. The scores assigned to the intraventricular designs 65 
of the present invention represent the realistic potential 

in the judgment of the inventor. This numerical com- Having described the general background and char- 
parison is given to emphasize areas of strengths and acteristics of intraventricular artificial hearts and meth- 
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ods for their surgical implantation, specific objects of 
the invention are given in the following section. 

OBJECTS OF THE INVENTION 

An object of the present invention is to provide an 5 
artificial heart capable of sustaining a high quality of life 
for many years, with a low risk of complications, in- 
cluding thrombus formation, thromboembolism, stroke, 
infection, blood damage, or mechanical failure of the 
system. 10 

It is a further object of the invention to provide an 
artificial heart that can be surgically implanted within 
the cavity of the natural left ventricle. 

It is another object of the invention to provide a 
method of surgically implanting this type of artificial 15 
heart within the left ventricular cavity. 

It is an additional object of the invention to provide 
an intraventricular artificial heart which can be electri- 
cally powered. 

It is an additional object of the invention to provide 20 
an electrically-powered intraventricular heart that re- 
quires no compliance device (separate displaced volume 
chamber). 

It is a still further object of the invention to provide 
intraventricular artificial hearts that function effectively 25 
at high heart rates and, therefore, occupy a reasonably 
small volume. 

It is an additional object of the invention to provide 
artificial hearts that can be implanted within the left and 
right cavities of the natural heart to replace the function 30 
of both ventricles. 

It is a further object of the invention to provide intra- 
ventricular artificial hearts capable of actuation by a 
fluid power source outside the particular cavity. 

An additional objective is to provide rotary hydrody- 35 
namic embodiments of the invention having a bearing 
system to support the rotor within the blood stream that 
remains free of thrombus. 

It is a still further object of the invention to provide 
connector systems to facilitate the surgical implantation 40 
of intraventricular artificial hearts that permit a seam- 
less blood pump to be used with pusher-plate and fluid- 
actuated devices. 

It is an additional object of the invention to provide 
surgical connectors for use with rotary-type intraven- 45 
tricular artificial hearts and other artificial hearts that 
provide a perfectly-aligned, tightly-clamped junction 
between the polymeric components sewn to the natural 
tissues and rigid components of the blood pumping 
device. 50 

It is a further object of the invention to provide a 
method of fabricating seamless intraventricular fluid- 
actuated blood pumps having a diaphragm of special 
design for extended durability. In addition, it is an ob- 
ject to provide a method of fabricating improved dia- 55 
phragms for other types of artificial hearts. 

It is another object of the invention to provide a 
bearing system including permanent-magnet magnetic 
axial thrust bearings in combination with a mechanical 
rotary bearing system to achieve suspension of the ro- 60 
tating element within the bloodstream without exces- 
sive thrombus formation or blood damage. 

It is a still further object of the invention to provide a 
radial bearing system capable of rotationally supporting 
a member within the bloodstream without excessive 65 
blood damage or thrombus formation that utilizes a 
wire maintained in tension as the shaft of a journal bear- 
ing system. 



An additional object of the invention is to provide an 
artificial heart that is inherently durable and reliable and 
is capable of pumping continuously for periods in excess 
of ten years. 

Another object of the invention is to provide intra- 
ventricular artificial hearts that are powered directly by 
contraction of electrically-stimulated transplanted or 
grafted muscle or that may be powered by such muscle 
indirectly through the use of hydraulic fluid coupling. 

It is a still-additional object of the invention to pro- 
vide muscle-powered artificial hearts that may be ini- 
tially powered by a supplementary external heart-drive 
system during the period of time the muscle is being 
conditioned and thereafter, without major surgery, may 
be converted to be powered solely by the muscle. 

It is a further object of the invention to provide intra- 
ventricular artificial hearts that can be manufactured at 
a relatively low cost. 

It is a still-further object of the invention to provide 
an artificial heart that requires only one prosthetic heart 
valve to be used and permits the patient's aortic valve to 
be saved unless the valve is diseased. 

It is an additional object of the invention to provide 
an artificial heart with a minimum surface area of 
contact of prosthetic materials, both with the blood and 
with other tissues. 

It is a still-further object of the invention to provide 
an artificial heart with a porous exterior surface into 
which vascularized connective tissue will grow. 

It is an additional object of the invention to provide 
an artificial heart with redundancy to allow adequate 
function in the event of failure of one or more of its 
components in order to save the patient's life until the 
system can be replaced. 

It is also an object of the invention to provide surgical 
methods of implantation of intraventricular artificial 
hearts that permit the surgery to be done with minimal 
bleeding. 

These, and additional objects of the present inven- 
tion, will be more fully understood by referring to the 
drawings and specific descriptions in the following 
sections. 

THE DRAWINGS 

FIG. 1 is a schematic illustration of the heart viewed 
in the anterior-to-posterior direction indicating the 
chambers of the right and left ventricles 

FIG. 2 is a cross-section of the natural heart taken 
along section AA of FIG. 1. 

FIG. 3 is a cross-section of a natural heart with an 
intraventricular artificial heart implanted within the left 
ventricular chamber. FIG. 3 is taken along section AA 
of FIG. 4. 

FIG. 4 is a schematic lateral view of the natural heart 
showing an intraventricular artificial heart implanted 
into the left ventricular cavity and also showing a pros- 
thetic tissue mitral valve implanted into the mitral valve 
annulis of the natural heart. 

FIG. 5 is a schematic lateral view of a natural heart 
with an intraventricular artificial heart of the centrifu- 
gal type implanted in the left ventricular chamber with 
the outflow graft connected to the aorta. 

FIG. 6 is a partially cut-away anterior-posterior view 
of the thorax, showing an intraventricular artificial 
heart implanted within the left ventricle, powered by an 
electrohydraulic energy-converter implanted in the 
abdominal cavity immediately below the diaphragm. 
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FIG. 7 is a lateral schematic sectional view of a natu- 
ral heart with an intraventricular artificial heart of the 
axial flow pump-type implanted within the left ventric- 
ular chamber. 

FIG. 8 is a cutaway sectional view of the natural left 5 
ventricle with connectors for attachment of an intra- 
ventricular artificial heart sutured to the openings of the 
mitral valve annulis and the root of the aorta. 

FIG. 9A is a cutaway sectional view of the natural 
left ventricle with the sewing ring and blood diaphragm 10 
assembly of a pusher-plate intraventricular artificial 
heart surgically sutured in position. 

FIG. 9B is a schematic partially cut-away sectional 
view of the left ventricle, a pusher-plate intraventricu- 
lar artificial heart, and the connector elements, indicat- 15 
ing the order of surgical implantation and sequence of 
assembly. 

FIG. 10 is a schematic sectional view of a natural 
heart with a pusher-plate-type intraventricular artificial 
heart implanted within the left ventricle and a hydraulic 
fluid-filled compliance balloon implanted within the 
cavity of the right ventricle. 

FIG. 11 is a schematic partially-sectioned view of an 
electro-hydraulic intraventricular artificial heart with 2J 
the left ventricular blood pump and electro-hydraulic 
energy-converter implanted within the chamber of the 
left ventricle and the right ventricular pumping dia- 
phragm implanted within the cavity of the right ventri- 
cle. 30 

FIG. 12 is a schematic partially-sectional view of the 
natural heart and left side of the thoracic cavity show- 
ing a hydraulically-actuated intraventricular blood 
pump implanted within the cavity of the left ventricle 
and a compressible hydraulic fluid-filled balloon im- 3} 
planted in the left thorax surrounded by contractile 
muscle tissue arranged to compress the balloon and 
thereby pump the artificial heart when it is electrically 
stimulated. 

FIG. 13 is a longitudinal sectional view of a pusher- 40 
plate-type rolling diaphragm intraventricular artificial 
heart The mechanism is shown in the end-diastolic 
position with the end-systolic position of the diaphragm 
indicated in dotted lines. 

FIG. 14 is a longitudinal sectional view of the device 45 
illustrated in FIG. 13 at ninety degrees of rotation to the 
position shown in FIG. 13. The pusher-plate and mech- 
anism is shown in the end-systolic position. 

FIGS. 15A through 151 are a series of schematic 
diagrams of pusher-plate or hydraulically-activated 50 
artificial hearts. The diagrams represent elements of 
generally cylindrical form in longitudinal section and 
show chambers filled with gas, hydraulic fluid, and 
blood. FIGS. 15-A and 15-B represent an illustrative 
pair, as do FIGS. 15-C and 15-D, and FIGS. 15-E and 55 
15-F, and FIGS. 15-G and 15-H. FIG. 15-1 is a sche- 
matic illustration of a hydraulic actuator and an intra- 
ventricular artificial heart. 

FIG. 16 is a graph of the relationship between the 
distance moved by the pusher-plate in FIG. 15-G and 60 
15-H and the volume displaced by the pusher-plate. 

FIGS. 17A through 17E represent graphically the 
relationships between the principal fluid, gas, and me- 
chanical forces acting on the pusher-plate of an intra- 
ventricular artificial heart as a function of the angular 65 
position of rotation of the motor and crankshaft driving 
the pusher-plate throughout one cardiac cycle (one 
heartbeat, both filling and ejection). 



FIG. 18 is a partially-exploded three-dimensional 
representation of the rotor and pump impeller of a cen- 
trifugal-type intraventricular artificial heart utilizing a 
wire in tension as the shaft of a rotary bearing system. 

FIG. 19 is a three-dimensional view of the rotor and 
impeller of an axial flow pump-type intraventricular 
artificial heart utilizing a wire in tension as the shaft of 
the rotary bearing. The pump outflow stators are also 
shown. 

FIG. 20 is a schematic three-dimensional view illus- 
trating the crank and scotch yoke mechanism of a push- 
er-plate-type intraventricular artificial heart, the two 
electric motors that power the heart, and the main shaft 
supported on a linear ball-bearing (ball-bushing). 

FIGS. 21A through 21D illustrate characteristics of 
belleville washers utilized in the embodiment of an 
intraventricular artificial heart shown in FIGS. 13 and 
14. FIG. 21-A is an end view of a stack of belleville 
washers; FIG. 21-B is a generalized plot of the load 
versus deflection for belleville washers FIG. 21-C rep- 
resents a stack of belleville washers in series; FIG. 21-D 
represents a combination of washers stacked both in 
parallel and in series. 

FIG. 22 is a cutaway longitudinal sectional view of 
the blood diaphragm and connector assembly of the 
intraventricular artificial heart shown in FIGS. 13 and 
14, indicating the magnetic coupling of the blood dia- 
phragm assembly to the pusher-plate. 

FIG. 23 is an enlarged longitudinal sectional detail 
view of the air vent tube at the junction of the connec- 
tor and blood diaphragm assembly to the artificial heart 
housing. 

FIG. 24 is a cutaway longitudinal sectional view of 
the blood diaphragm and the polymer part of the hous- 
ing and sewing ring of the intraventricular artificial 
heart in FIG. 27. FIG. 24 also shows the mold assembly 
utilized to solution-cast the blood diaphragm in contact 
with a portion of the polymer housing and sewing cuff. 

FIG. 25 is a cutaway longitudinal sectional view of an 
artificial heart housing, a blood diaphragm, and a blood 
diaphragm mold of the type utilized with the prior art 
JARVIK 7 ©artificial heart. 

FIG. 26 is a partially cutaway longitudinal sectional 
view of an artificial heart housing, blood diaphragm, 
and mold illustrating an improved design and its 
method of fabrication. 

FIG. 27 is a longitudinal sectional view of an intra- 
ventricular artificial heart actuated by fluid power from 
a remote source. 

FIG. 28 is a longitudinal sectional view of a rotary 
intraventricular artificial heart having a centrifugal- 
type impeller and a radial bearing system which uses a 
wire in tension together with an axial bearing system 
comprised of magnets with opposing poles. 

FIG. 29 is a longitudinal sectional view of an intra- 
ventricular artificial heart of the rotary type utilizing an 
axial flow pump and a bearing system similar to that 
illustrated in FIG. 28. 

FIG. 30-A is a longitudinal section of an intraventric- 
ular compressible blood sac utilized in combination 
with a skeletal muscle graft to constitute an intraven- 
tricular artificial heart. FIG. 30-B is the top view of the 
blood chamber shown in FIG. 30-A. FIGS. 30-C and 
30-D are sectional views of the blood chamber shown in 
FIG. 30-A, taken along line AA. FIG. 30-C shows the 
blood chamber in end-diastolic position completely full 
of blood, and FIG. 30-D shows the shape of the cham- 
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ber during systolic contraction while its volume is being patients over the last three decades, extensive data 

reduced. shows that their use in this position is associated with a 

FIG. 31 is a partially cut-away schematic view of a very low risk of complications. Thus, by positioning the 

muscle-powered intraventricular artificial heart utiliz- valves in the natural locations and by implanting the 

ing the blood chamber illustrated in FIG. 30-A. 5 pulsatile blood pump within the ventricular cavity, the 

FIG. 32 is a partially cut-away schematic view of a hemodynamic flow path is very close to normal, 

muscle-powered intraventricular artificial heart in Rotary hydrodynamic intraventricular artificial 

which part of the natural left ventricle has been cut hearts (utilizing axial-flow, mixed-flow or centrifugal- 

away and replaced with muscle graft. flow pumps) do not require valves. In this application, 

FIG. 33A is a longitudinal section of a muscle-pow- 10 the leaflets of the inflow valves are surgically excised, 

ered intraventricular artificial heart of the axio-symmet- The outflow valve leaflets are also surgically excised if 

ric type utilizing hydraulic fluid coupling between the an outflow graft is surgically attached to the inside of 

outer compressible wall and the inner blood chamber. the ventricle, or the outflow valve leaflets may be su- 

FIG. 33-B is a sectional view of the device in FIG. 33-A tured together if an outflow graft is used to connect the 

taken along line AA. FIG. 33-B shows the device in the 15 outflow of the intraventricular pump to the aorta or 

full-fill (end-diastolic) position. FIG. 33-C is a cross-sec- pulmonary artery above the level of the natural valve, 

tional view also taken along section AA of FIG. 33-A, Intraventricular blood pumps must be very compact 

showing the device in the full-eject (end-systolic) posi- in design and must have an anatomic shape compatible 

tion. with implantation in the ventricular chamber. In many 

FIG. 34 is a lateral view of a muscle-powered intra- 20 cases, the left ventricle will be markedly enlarged in 

ventricular artificial heart of the hydraulically-coupled patients who have experienced a prolonged period of 

axio-symmetric type. The figure shows the replacement heart failure. This can provide additional space, but in 

of the mitral valve with a prosthetic tissue valve and the general, pulsatile artificial heart pumps must operate at 

utilization of a large skeletal muscle graft to replace a a high heart rate with a relatively low stroke volume in 

portion of the wall of the natural left ventricle. 25 order to be made small enough to fit within the heart. 

FIG. 35 is an assembly drawing showing the inner Rotary blood pumps must be designed to reasonably 
blood chamber of the axio-symmetric muscle-powered conform to the natural anatomy. In the case of muscle- 
blood pump and the connector assembly used for its powered intraventricular blood pumps, part of the left 
attachment to the outer housing. ventricular wall may be removed and replaced with a 

FIG. 36A is a longitudinal section of another embodi- 30 skeletal muscle graft. The surgical techniques used for 

ment of a centrifugal blood pump in which both me- implantation of intraventricular artificial hearts must 

chanical thrust and magnetic thrust bearing elements preserve the blood supply to the remaining natural 

are provided. heart to maintain the intraventricular septum and right 

FIG. 36B is a cross-section of the pump illustrated in heart muscle tissue in good condition and to provide 

3<SA taken across the region of the pump impeller 35 blood to the left ventricular muscle to retain its health 

blades. and to prevent infection. 

FIG. 37A & 37B are schematic, longitudinal sections FIG. 1 represents the natural heart as viewed in the 

of centrifugal blood pumps illustrating the magnetic anterior-posterior direction and indicates the general 

thrust bearing and mechanical bearing elements. form of the chambers. The left ventricular chamber 2 is 

FIG. 38 is a longitudinal section of an axial flow 40 generally ovoid in form and has a length of approxi- 

blood pump having both magnetic and mechanical mately six to twelve centimeters, depending on the size 

thrust bearing elements. of the individual patient and the state of health of the 

FIGS. 39A through 39F are longitudinal sections of heart. The right ventricular chamber 4 and right ven- 

schematically illustrated axial flow blood pumps which tricular muscle wall 8 wraps around the left ventricular 

show a variety of mechanical and thrust bearing ar- 45 chamber as best seen in FIG. 2 and is separated from the 

rangements and a variety of axial flow pump impeller left by the intraventricular septum 10. The wall of the 

and stator blade arrangements. left ventricle 6 is generally thicker than the wall of the 

r-cMCD a i nccronmnM r,x? -rue im;cwrinw ri g ht ventricle 8 but may become replaced with a signif- 

GENERAL DESCRIPTION OF THE INVENTION amount of ^ tissue following major heart at . 

Intraventricular artificial hearts are blood pumps that 50 tacks and become thinned, 

are placed within the chamber of the left or right ventri- Each ventricular chamber is entered through the oval 

cle, or both. The normal anatomic relationships of flow annulis of the inflow valve which are named the tricus- 

into and out of the heart are retained, and the natural pid valve on the right side 12 and the mitral valve on the 

support of the heart by the mediastinal and pericardial left side 14. These valves have long, filament-like at- 

structures is utilized to support the artificial device. In 55 tachments to the leaflets called chordae tendineae, 

general, a pumping mechanism is connected in place which connect to projections of the myocardium within 

within the ventricular chamber utilizing a sutured con- the ventricular cavities called papillary muscles. Intra- 

nector or pair of connectors. With pulsatile-type pumps, ventricular artificial hearts would generally interfere 

valves may be included in the artificial heart, but it is with the chordae tendineae and papillary muscles and 

preferable to utilize tissue valves sewn into the natural 60 thus interfere with valve function. Therefore, in designs 

heart in the inflow position and to retain the patient's requiring inflow valves, the chordae tendineae and the 

natural valves in the outflow position. Thus, the con- natural inflow valve leaflets must be excised and re- 

nection to a pulsatile intraventricular artificial heart placed with artificial valves. The outflow valves of the 

may involve only one suture line, and the entire blood natural heart are the aortic valve 18, which prevents 

surface of the device can be completely seamless. Since 65 back flow of blood from the aorta 16 into the left ventri- 

the valves used are implanted into the natural heart in cle during diastole and the pulmonic valve 22, which 

the same positions where prosthetic heart valve replace- prevents back flow of blood from the pulmonary artery 

merits have been used in many tens of thousands of 20 into the right ventricle during diastole. 
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In FIG. 3, the cross-sectional shape of the intraven- 
tricular artificial heart 24 generally conforms to the 
natural round cross-sectional shape of the left intraven- 
tricular chamber. The septum 10 is thus supported in its 
natural position, and ventricular function is retained 
near normal. If the shape of the intraventricular artific- 
ial heart does not support the intraventricular septum 
sufficiently, right ventricular function will deteriorate. 

FIG. 4 shows a pulsatile rolling diaphragm-type of 
intraventricular blood pump as seen in the lateral view 
of the heart (representing the view seen in the lateral 
chest X-ray). The blood pump is connected in place by 
sutures between the diaphragm sewing ring assembly 26 
and the housing of the pump. The screw on connector 
28 is used to fasten the sewing ring to the housing. The 
device is powered by electric energy supplied through 
the electric cable 30, which is surgically brought 
through the wall of the ventricle and may exit the chest 
through a percutaneous lead or may be connected to the 
internal coil of a transcutaneous energy-transmission 
device. A prosthetic valve 32, in this illustration a tissue 
valve, is sutured into the annulis of the mitral valve. A 
small air vent tube 34, utilized to evacuate the air be- 
tween layers of the pump diaphragm system, is plugged 
off and lies within the ventricular chamber. 

FIG. 5 illustrates the implantation of a centrifugal- 
type intraventricular artificial heart. The blood pump, 
generally indicated at 36, conforms well to the shape of 
the intraventricular cavity. The inflow of blood enters 
through the sewing ring 38, is acted upon within the 
pump by a centrifugal impeller powered by an electric 
motor, and the blood exits the pump through the out- 
flow diffuser 40, flows through the outflow graft 42, 
and enters the aorta through an end-to-side anastomosis 
44 just above the aortic valve. Since the device is the 
rotary type, it requires no inflow or outflow valves. 
Therefore, the leaflets of the mitral valve are excised 46, 
and the leaflets of the aortic valve are fastened together 
in the closed position with sutures 48. The inflow sew- 
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cuffs are made of a soft flexible material, such as poly- 
urethane and dacron, they are turned inside-out in the 
actual suturing procedure. Thus the inflow cuff is 
placed mostly within the left atrium during the suturing 
procedure, and after the suture line is finished, it is 
pulled through itself like turning a sleeve inside out. A 
similar technique is used with the aortic graft. 

FIG. 8 illustrates the position of the grafts and con- 
nectors in the left ventricle after the suturing is com- 
pleted. 

FIG. 9-A illustrates the method of surgical implanta- 
tion of the pulsatile intraventricular blood pump illus- 
trated in FIGS. 13 and 14. After the chest is opened and 
a large incision is made in the wall of the left ventricle, 
the leaflets of the mitral valve and the chordae tendin- 
eae are excised. A prosthetic mitral valve is then su- 
tured into place through the incision in the ventricular 
wall. After the prosthetic valve implantation is com- 
pleted, the suture ring and blood diaphragm is partially 
inverted as shown in FIG. 9-A and placed within the 
ventricle close to the mitral and aortic valves. The 
diaphragm can only be partially inverted because of its 
rigid central portion 77. The sewing cuff 102 is then 
sutured to the wall of the ventricle with interrupted and 
running sutures 79. Felt pledgets 81 ar used to reinforce 
the suture line from the outside of the heart where expo- 
sure permits. 

The suture line is maintained close to the aortic valve 
on the septal side at 83, to avoid passing the sutures 
through the electrical conductive fibers of the bundle of 
His. In the event that these conductive fibers are dam- 
aged, right heart function may be impaired, and a pace- 
maker for the right heart may be required. After the 
suture line is completed, a small cannula is inserted 
through the aortic wall and across the aortic valve to 
make the valve incompetent. The cross-clamp on the 
aorta is then released to pressurize the intraventricular 
cavity between the mitral valve and the implanted dia- 
phragm and connector. This procedure permits leaks in 



ing cuff 38, sutured around both the annulis of the mitral 40 the suture line to be detected and repaired before con- 



valve and the outflow track of the aorta as shown at 50, 
is attached to the pump housing by a screw-on connec- 
tor ring 52. Power is brought to the electric motor 
within the pump through the power cable 54. 

FIG. 6 illustrates an intraventricular artificial heart 45 
pump 56 actuated by a remote electro-hydraulic ener- 
gy-converter 60 located in the abdominal cavity 66 
below the diaphragm 68. A short hydraulic fluid con- 
duit 62 crosses the diaphragm and the apex of the natu- 
ral heart. In this figure, the natural left ventricle 58 is 
shown approximately normal size in relation to the rib 
cage 64. With heart failure, the lateral border of the left 
ventricle may be displaced as the heart enlarges, some- 
times practically filling the rib cage on the left side. 

FIG. 7 illustrates an axial flow pump-type intraven- 
tricular artificial heart within the chamber of the left 
ventricle. In this embodiment of the invention, the 
blood pump 78 has a configuration similar to that of the 
chamber of the left ventricle. The leaflets of both the 
aortic valve and the mitral valve are excised. Individual 60 
connectors are sutured for the inflow and outflow 
grafts. The inflow connector is sutured to the annulis of 
the mitral valve 74 and brings the blood into the artific- 
ial heart through the graft 70. The outflow connection 
is made near the root of the aorta at suture line 76, 
within the ventricle, which brings the blood out of the 
artificial heart to the aorta through the outflow graft 72. 
Since both the inflow and outflow grafts and suturing 
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nection of the intraventricular blood pump. 

After the suture line is completed and tested and the 
aorta is again cross-clamped, it is time to connect the 
artificial heart to the diaphragm sewing cuff assembly. 
FIG. 9-B illustrates this procedure. The sewing ring 
cuff includes a connecting flange 126 as seen in FIGS. 
13 and 22. Several small snap-fit fasteners 125 are at- 
tached, spaced around the connecting flange 126. A 
rigid connector clamping ring 128 is then inserted into 
the ventricle and positioned around the connecting 
flange. The connecting flange, made of a flexible poly- 
mer or fabric, can be folded and crumpled to fit through 
the smaller opening of the connector clamping ring. 
The snap-fit fasteners 125 ar then aligned with the holes 
29 in the clamping ring and pushed through. This is 
illustrated by the arrows labelled 4 in FIG. 9-B. These 
connectors hold the sewing cuff in the proper position 
and alignment with regard to the connector clamping 
ring !28. The pump mechanism and housing is then 
positioned against the blood diaphragm indicated by the 
arrows 5 in FIG. 9-B and fastened to the connector 
clamping ring with the screw fastener nut 130. 

When the pusher-plate is placed close to the blood 
diaphragm assembly, magnets 140 in the pusher-plate 
attract the magnetic metal washer 138, which is embed- 
ded in the blood diaphragm. Air may be trapped be- 
tween the blood diaphragm 280 and the hydraulic fluid 
diaphragm 136 as illustrated in FIG. 23. The trapped air 
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may form a bubble between these diaphragm layers as 
indicated at 276 in FIG. 23. A small air vent tube 34 
attached to the connector skirt has a hole 274 at the 
junction of the housing to the connecting flange 126 
that permits air to escape. This tube passes through a 5 
notch 284 in the connector clamping ring 128. After the 
screw clamping ring 130 is tightened, a syringe is used 
to draw air through the tube as indicated by the arrows 
278 in FIG. 23. Still referring to FIG. 23, as the air 
bubble 276 is reduced, the blood diaphragm moves from 10 
an improperly-seated position 280 to a properly-seated 
position 282 in smooth, uniform contact with the hy- 
draulic fluid diaphragm. The space between these two 
contacting membranes may be lubricated with dry pow- 
dered graphite, applied at surgery during final attach- 15 
ment. 

The method of implantation and connection of intra- 
ventricular artificial hearts may vary depending upon 
the specific design used. Different embodiments may 
incorporate right ventricular as well as left ventricular 20 
blood pumps. FIG. 10 illustrates an intraventricular 
total artificial heart utilizing implantation of a pusher- 
plate blood pump 82 in the left ventricular chamber 
with hydraulic fluid actuation of a right ventricular 
pumping sac 84 via a hydraulic fluid conduit tube 86. In 25 
operation, this biventricular total artificial heart alter- 
nately pumps the right and left ventricles. 

With devices incorporating a major pumping cham- 
ber within the right ventricle, such as those illustrated in 
FIG. 10 and FIG. 11, it is necessary to remove the 30 
tricuspid valve leaflets and chordae tendineae and re- 
place the tricuspid valve with a prosthetic implant. The 
hydraulically-actuated pumping diaphragms or sac de- 
vices implanted within the right ventricle may take the 
form of a free balloon where the stroke volume is rela- 35 
tively small, such as 25 ml, in the embodiment shown in 
FIG. 10, or may utilize a diaphragm-type pump, sutured 
to the myocardial wall or the intraventricular septum to 
permit a larger stroke volume with lower risk of throm- 
bus formation. The device illustrated in FIG. 11 shows 40 
as intraventricular blood pump 88 having a stroke vol- 
ume of approximately 50 ml that is powered by a revers- 
ing electro-hydraulic energy-convertor 90 capable of 
alternately pumping fluid between the left intraventric- 
ular blood pump 88 and a diaphragm-type right heart 45 
intraventricular blood pump 92 implanted within the 
cavity of the right ventricle. Although not illustrated, in 
an embodiment of this type, the right ventricular blood 
pump may incorporate a sewing cuff and diaphragm 
similar to that utilized with the left ventricular blood 50 
pump 88. This sewing cuff and diaphragm together with 
its connector design is illustrated in FIG. 27. 

A similar device having the type of connector assem- 
bly shown in FIG. 1 could be used with this embodi- 
ment. The surgical procedure would include the exci- 55 
sion of the mitral valve, implantation of a prosthetic 
mitral valve, the surgical suturing of the sewing cuff 
with the left heart diaphragm and connector flange, and 
testing the suture line for leaks. Next, the right ventricu- 
lar surgery would be performed, including the excision 60 
and replacement of the natural tricuspid valve with a 
prosthetic valve, and the suturing and leak-testing of the 
right ventricular sewing cuff diaphragm and connecting 
flange assembly. Thereafter, the left ventricular pump 
housing would be fastened to the left sewing cuff and 65 
connector assembly, and, finally, the right ventricular 
device would be affixed to its sewing cuff and connec- 
tor assembly via a connector clamping ring and screw- 
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fastener nut. With this type of intraventricular total 
artificial heart implant, alternate pumping of the right 
and left ventricles at heart rates of approximately 100 to 
175 beats per minute would be utilized. The wall of the 
right ventricle which would remain, and form part of 
the ventricular cavity, would be compliant and intro- 
duce some compliance losses into right heart function. 
Utilizing a pacemaker, the degree of compliance loss 
could be varied to achieve balance of right and left 
cardiac output. If necessary, a leaky mechanical pros- 
thetic pulmonary artery valve could be implanted to 
introduce further inefficiencies in rightsided pumping 
and thereby balance the left-to-left shunt which exists 
due to the bronchial circulation. 

FIG. 12 illustrates the use of an intraventricular 
blood pump, actuated by hydraulic fluid, powered via a 
muscle graft 98 implanted within the thorax. The mus- 
cle graft may be a muscle from the shoulder, back, or 
body wall. It is dissected free and together with a pedi- 
cle containing its nerves, and a blood supply is reposi- 
tioned within the chest and grafted around a hydraulic 
fluid sac 96 which communicates through a tube 95 to 
the hydraulic fluid chamber 94 of the intraventricular 
blood pump. Upon contraction of the muscle, the hy- 
draulic fluid is forced through the tube and pushes the 
diaphragm which expels blood from the left ventricle. 
When the muscle relaxes, the blood pressure filling the 
left ventricle forces the hydraulic fluid back through 
the tube into the sac 96. Such a sac may be designed 
with resilient means to return it to the full position and 
provide suction to the hydraulic fluid and suction to the 
blood entering the left ventricle. 

If skeletal muscle is repeatedly stimulated with a 
volley of electric pulses, it will gradually develop char- 
acteristics more similar to cardiac muscle when it is 
properly stimulated over a period of weeks. The muscle 
develops a larger number of mitochondria involved in 
the supply of energy to the muscle and develops much 
greater resistance to fatigue with repeated contraction. 
However, since it takes approximately six weeks to 
condition the muscle sufficiently to permit it to take 
over the workload of the heart, it may be necessary to 
provide a temporary additional support of power for 
this system during the period of time the muscle is being 
conditioned. If the surgery is elective and there is time 
to precondition the muscle over a period of weeks be- 
fore the artificial heart is implanted, this temporary 
support may not be necessary. 

The device illustrated in FIG. 12 incorporates a tube 
!00 that exits the body through the chest wall. During 
the period of time that the muscle is being conditioned, 
the intraventricular blood pump may be powered from 
an externa] heart driver using either compressed air or 
hydraulic fluid actuation. Hydraulic fluid is preferred 
because the tube 100 can periodically be clamped to 
permit the muscle graft to perform the workload of the 
heart. Thus its function can be assessed, and it can grad- 
ually be employed to take over the full workload of the 
heart. When the patient is completely weaned from the 
need of external power support, the tube 100 is sealed 
and implanted under the skin. A simple pneumatic-to- 
hydraulic convenor may be utilized outside the chest 
connected between tube 100 and a conventional pneu- 
matic heart driver such as the type used to power the 
JARVIK7®heart. 

These general descriptions illustrate that there are a 
wide variety of specific embodiments of the invention 
that may be employed. To further understand the de- 
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tailed features and function of several preferred embodi- 
ments, these will now be described in detail in the fol- 
lowing section. 

SPECIFIC DESCRIPTION OF THE PREFERRED , 
EMBODIMENTS 

Embodiments of four major types of intraventricular 
artificial hearts will be described. These major type 
include pusher-plate, rotary (hydrodynamic axial-flow, 
mixed-flow or centrifugal-flow pumps), fluid-actuated, 10 
and direct muscle-powered devices. 

FIGS. 13, 17, 20 and 21 illustrate the design and func- 
tion of the preferred pusher-plate embodiment The 
invention incorporates a roiling diaphragm 104 that 
moves between an end-diastolic position shown in FIG. 15 
13 and an end-systolic position shown in FIG. 14. The 
stroke volume, which represents the volume of blood 
pumped with each complete cycle, is 25 ml in this em- 
bodiment. This necessitates a relatively high heart rate 
and requires the entire design to incorporate specialized 20 
components to permit reliable operation for a very high 
number of cycles. The natural heart generally pumps 
approximately 60 to 200 beats per minute with the peak 
heart rate reduced to the range of 160 to 180 beats per 
minute beyond age 50. The cardiac output, which is the 25 
flow of blood pumped (generally expressed as litres per 
minute), is the product of the stroke volume multiplied 
by the heart rate. In normal adults, the stroke volume 
may vary from 30 to 40 ml up to 70 or 80 ml and can be 
in excess of 150 ml in large, conditioned individuals. 30 
Cardiac output in the range of 5 to 10 litres per minute 
is normal for conditions of rest to moderate exercise. 
With increasing exercise, the cardiac output may in- 
crease significantly. However, in patients suffering se- 
vere heart failure, cardiac outputs as low as 2 litres per 35 
minute may sustain their lives, and cardiac output of 
only 4 to 5 litres may permit a mobile quality of life. 

The Devices and Technology Branch of the National 
Institutes of Health has specified that for left ventricular 



they flex and roll and are lubricated with graphite pow- 
der. These diaphragm layers are preferentially made of 
a polyurethane material such as BIOMER (g) 2 , which 
has been shown to have excellent mechanical properties 
in contact with human blood for almost two years of 
continual flixing. The rolling multi-layer diaphragm of 
the present invention will undergo more flex cycles 
without failure than the free diaphragm design utilized 
in the prior art. In the prior-art JARVIK 7® heart, 
diaphragms approximately seven thousandths of an inch 
thick for each layer, utilizing four layers with graphite 
lubricant between them, have flexed approximately 300 
million cycles in real time in durability tests. A roll-sock 
diaphragm subjects the material to lower stresses and is 
expected to be several times more durable than the free 
diaphragm design. 

2 BIOMER® is a registered trademark of Ethicon, Incorporated. 
Summerville, NJ. 

In addition to the use of the multi-layer lubricated 
rolling diaphragm design, other elements of the system 
are designed for long-term durability, including use of 
heavy, well-lubricated bearings and use of a very 
smooth sinusoidal action of the mechanism which actu- 
ates the pusher-plate. 

FIG. 20 illustrates the general mechanism utilized to 
accomplish this pumping action. Electric motors 174 
and 176 provide power via their motor rotors 178 and 
180 to a drive shaft 182 that is formed into a crankshaft 
at 186 and supports a bearing 114. As the crankshaft is 
rotated, it exerts a force via the ball bearing against the 
slot of a scotch yoke 112. This produces a sinusoidal 
push-pull action on the power shaft 110 that is fixed to 
the pusher-plate 108 that in turn is fixed to the dia- 
phragm. The power shaft 110 is supported by a heavy 
ball bushing 118 supported by an extension 216 of the 
housing 144, and each end of the motor shaft/crank- 
shaft assembly is supported by a heavy ball bearing 188 
and 190. The mechanism is entirely contained within a 
hermetically-sealed, corrosion-resistant housing corn- 



assist devices and total artificial hearts, systems must be 40 prised of parts 144, 146 and 148 and utilizes a metal 



capable of producing at least 8 litres per minute of flow 
with a heart rate below 120 beats per minute and a 
maximum filling pressure below 15 mm Hg. These crite- 
ria would be desirable and would more nearly duplicate 
the natural heart's function; however, such high output 45 
and low heart rate is by no means essential to maintain 
a good quality of life. Sufficient cardiac output can be 
obtained at higher heart rates with low stroke volume. 
This principle permits the blood pump to be sufficiently 
compact to be implanted in the ventricle, which has 
numerous advantages, as delineated above. With the 
maintenance of the efficient natural valve in the aortic 
position and the highly-efficient tissue valve in the mi- 
tral position, the blood pump of the present invention 
can achieve cardiac outputs of 7 litres per minute at 
heart rates of approximately 300 beats per minute. For 
conditions of rest, rates of 150 to 200 beats per minute 
provide outputs in the range of 3 to 5 litres per minute. 

The design must provide the ability to undergo a very 
high number of flex cycles without failure. At an aver- 
age of 250 beats per minute, the artificial heart must 
pump 130 million beats per year. The heart should be 
designed for 1 billion cycles which is approximately 7 to 
8 years of operation. To achieve this very high number 
of flexing cycles, a multi-layer diaphragm of the roll- 
sock type is utilized. The diaphragm assembly 104 is 
composed of at least three layers, 132, 134 and 136, 
which are not adhered together in the regions where 
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bellows 120 welded to the pusher-plate around its cir- 
cumference at 220 and welded to the housing element 
144 around its circumference at position 218. During 
assembly of the device, more welds are made around 
the circumference of the housing members at 157 and 
158 to accomplish complete hermetic sealing. The 
power to the electric motors is provided by wires 160. 
The external cable 162 is connected to the internal wires 
by welded ceramic-to-metal feedthrough 16 of the type 
utilized with cardiac pacemakers. Thus the space within 
the assembly of pusher-plates, metal bellows, and hous- 
ing generally indicated at 122 is a gas-filled chamber 
that varies in volume as the bellows moves between the 
end-systolic and end-diastolic positions. An inert gas 
such as nitrogen may be used to inhibit oxidation of the 
bearing lubricants, which will enhance their durability. 

Referring to FIG. 13, the diaphragm 104 is pushed 
and pulled by the pusher-plate 108. The ring magnet 140 
holds the diaphragm to the pusher-plate by attracting a 
magnetic stainless steel washer 138 embedded between 
the layers of the blood diaphragm assembly. The push- 
er-plate is connected to the main power shaft 110 by the 
threaded shaft 166. The main power shaft 110 is in turn 
connected to the scotch yoke 112 and is supported radi- 
ally by the ball bushing 118. Rotation of the impeller 
shaft 110 is prevented by the welded spring bellows and 
the confinement of the scotch yoke section by bearing 
114. As the electric motors rotate and drive the crank- 
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shaft 116, the counterbalances 200 to 202 rotate to main- monitored to provide the necessary timing information 

tain balance of the radial forces on the motor shaft. The for commutation. 

chamber 124 enclosed between the diaphragm housing The shaft of each motor is held in a shaft bearing 188 
members 148 and 150 and the pusher-plate 108 is filled and 190 supported within a portion of a housing mem- 
with hydraulic fluid. As the pump cycles between the 5 ber 142 and 192, Which also holds the motor windings 
systolic and diastolic position, the hydraulic fluid in this and the printed circuit boards. In this embodiment, the 
chamber moves in and out between the spaces of the motor-retaining housings are separate parts that each 
bellows. The center of mass of the hydraulic fluid, contain a flange, 194 and 195, that are aligned with 
which can be considered to be a somewhat donut- regard to one another by alignment pins 196 and are 
shaped body of fluid, moves back and forth along the 10 fastened together by screws 198. The motor housing 
axial direction of the main power shaft 110. The hydrau- subassembly is then fastened into the housing member 
lie fluid is preferentially a low viscosity inert fluid such 144 by bolts 199. Each motor shaft 182 and 184 is pro- 
as methyl silicone or a fluorocarbon fluid. These fluids vided with eccentric counterbalances 200 and 202, and 
are very stable and have an extremely low rate of diffu- with crankshaft elements 116 and 186. During assembly, 
sion through BIOMER®. Diffusion of the fluid may be 15 bearing 114 is mounted between crankshaft 116 and 
further reduced by providing a metalized surface film scotch yoke number 112, and then with proper align- 
or other barrier layer on the hydraulic fluid-contacting ment in an appropriate fixture, crankshaft member 186 
portion of diaphragm 136. As the pusher-plate moves is press-fitted into member 116. This assembly must be 
from its diastolic to its systolic position, blood is ejected tight and perfectly aligned. 

from the ventricle. The overall density of the device is 20 The embodiment of the invention shown in FIGS. 1 

less in the end-systolic than in the end-diastolic position and 14 does not require a compliance chamber. The 

because the volume occupied by low density gas is volume of gas within the housing and the metal bellows 

increased as blood is ejected. Its center of gravity shifts varies by 25 ml from the end-systolic to the end-dias- 

back and forth axially during the cycle. The motion of tolic position. The gas within the chamber is com- 

the hydraulic fluid can be utilized to counterbalance this 25 pressed and allowed to expand during the cycle. In 

axial shift in center of gravity by selecting a fluorocar- other similar embodiments of the invention in which a 

bon fluid with a higher density than the density of compliance chamber such as the right ventricular 

blood. Thus the entire system can be balanced well so pumping sac is used, the gas within the housing may be 

that at a high heart rate it has little axial motion and replaced with hydraulic fluid. In that situation, as the 

exerts low thrust forces on the suture line. 30 volume within the metal bellows and the volume within 

During fabrication, the hydraulic fluid diaphragm the chamber changes, the hydraulic fluid is alternately 

136 is glued to the tapered area of the pusher-plate in pumped into the right ventricular pump and then 

the region beneath the magnetic washer 138. Hydraulic sucked back into the left intraventricular blood pump 

fluid is then introduced into chamber 124 and the hy- housing. In a device operated in such a fashion, the 

draulic fluid diaphragm is glued over the housing mem- 35 stack of belleville washers would not be necessary, 

ber 150 in the area of the retaining groove 151. The Their function is to compensate for forces resulting 

hydraulic fluid is maintained within the chamber by the from a reduced pressure within the housing when gas is 

0-ring seal 156 which was formed at a prior sub-assem- used and for changes in the pressure during the operat- 

bly stage when housing member 150 was assembled into ing cycle. 

housing member 148. The 0-ring seals 152 and 154 are 40 In order for the type of rolling diaphragm used with 

not required in the final welded unit but are included in the present embodiment to function properly for an 

bench models, which are not welded together to allow exceedingly high number of cycles, it must remain in 

disassembly for bench test evaluation. the proper tightly-seated rolling position and must not 

Referring to FIG. 13, the stack of belleville washers stretch or invert This is accomplished by using t e 

in 168 is mounted under pre-loaded compression be- 45 proper relationship between the change in volume 

tween the pusher-plate 108 and the housing member within the metal bellows, the volume of blood pumped 

144. This belleville washer stack acts as a nonlinear by the pusher-plate, and the proper quantity of hydrau- 

spring exerting force between the pusher-plate and lie fluid in the space between the bellows and the dia- 

housing along the axis of the main power shaft. Hard- phragm. The principles that permit the correct relation- 

ened steel inserts 170 and 172 retain and guide the stack 50 ship to be achieved are illustrated in FIGS. 15 and 16. 

of washers, which may undergo some sliding contact Referring to FIGS. 15-A and 15-B, the metal bellows 

during the cycle of the heart. Thus the washers and 224 is schematically represented enclosed within a cyl- 

hardened steel retaining elements are lubricated with an inder 222. A diaphragm 226 separates a portion of the 

appropriate grease. cylinder filled with hydraulic fluid 228 from another 

Referring to FIG. 14, assembly of the electric motors 55 portion of the cylinder filled with blood 230. Above the 

and shaft is best seen. Each electric motor is comprised cylinder, a second smaller cylinder 232 is mounted, 

of laminations and windings 174 and 176 and the motor connected to the larger cylinder by a small tube 234. 

rotors 178 and 180, which include permanent magnet The amount of blood for purposes of illustration is just 

elements. The motors may be commutated in a variety sufficient to fill the larger cylinder. In FIG. 15-B, the 

of ways including the use of Hall effect sensors 206 and 60 metal bellows has been expanded by a mechanism 

212, mounted on printed circuit boards 208 and 214 in which is not shown. The gas within the bellows is rari- 

the vicinity of the ends of the motors, together with fied and at a lower pressure in 15-B than in 15-A. The 

magnets 204 and 210 mounted on the motor rotors. diaphragm 226 has moved to a position such that the 

Alternately, other types of sensing devices may be used volume of blood displaced out or the large cylinder and 

to commutate the motor, or the back EMF method may 65 moved into the small cylinder 236 exactly corresponds 

be used, which requires no sensors mounted on the to the increase in volume within the metal bellows, 

motor. In the back EMF method, the voltage and the Thus the volume of blood within the cylinder 230 is 

current in the individual windings of the motor are diminished by the amount that the gas volume within 
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the bellows is increased. The volume of hydraulic fluid phragm were able to stretch after the pusher-plate had 

228 remains constant. reached approximately 75% of its full stroke distance, 

No matter what shape the diaphragm has the volume the system would lock up, and the pusher-plate would 

of blood ejected from the large cylinder will exactly no longer be able to move without stretching the dia- 

correspond to the increase in the volume within the 5 phragm. The relationships illustrated in FIGS. IS and 

metal bellows. This is illustrated in FIGS. 15-C and 16 show that only in the situation illustrated in FIGS. 

15-D where a rolling diaphragm 238 is mounted on a 15-E and 15-F will the rolling diaphragm have optimal 

supporting cup 240. The supporting cup is similar to a support and the longest life expectancy. In the embodi- 

pusher-plate, but is not axially or radially supported, ment illustrated in FIGS. 13 and !4, this correct relation- 

and it is not directly pushed by any mechanical connec- 10 ship is drawn to scale. The change in volume within the 

tion to the bellows. It is, however, pushed hydraulically bellows is 25 ml and the stroke volume of the blood is 

and may move from the position shown in FIG. 15-C to also 25 ml for a pump with the inside diameter of the 

the position shown in FIG. 15-D, assuming that the housing equal to 2.050 inches at the position shown by 

supporting cup 240 is fixed to the rolling diaphragm 221. Thus, the embodiment shown in FIGS. 13 and 14, 

approximately in the areas where it contacts the dia- 15 in addition to illustrating the operative principles of the 

phragm in 15-C. The supporting cup 240 is free to tilt mechanism, demonstrates appropriate dimensional rela- 

and move less axial distance if the diaphragm 238 par- tionships of the various components in this example of 

tially inverts or to move radially out of alignment with one embodiment. 

the center of the cylinder. However, no matter what FIG. 15-1 is an illustration of the hydraulically- 

position it takes, the volume of blood ejected must still 20 activated intraventricular blood pump 258 to which the 

exactly equal the change in gas volume within the bel- hydraulic fluid power is supplied by an actuator utiliz- 

lows. FIG. 15-E represents the embodiment of the in- ing a variable volume bellows driven within a rigid 

vention illustrated in FIGS. 13 and 14. The rolling dia- housing 256. The pusher-plate 264 is shown to represent 

phragm 238 is mechanically pushed by the pusher-plate the approximate shape of an actual device in which part 

242 that is directly attached to the bellows 224. The 25 of the mechanism is nested below the pusher-plate, 

geometry and size relationships are such that through- However, no rolling diaphragm is necessary within 

out the stroke, the rolling diaphragm maintains a proper rigid chamber 256, and pusher-plate 264 could be flat or 

position and does not stretch, invert or kink. This of any shape. The mechanism contained within the 

proper relationship is represented in FIG. 16 where the metal bellows pushes the bellows to the position indi- 

volume of blood displaced by the pusher-plate as a 30 cated by the dotted lines 265. Hydraulic fluid is forced 

percentage of the change in volume of gas within the out of chamber 256 through tube 262 into the intraven- 

bellows is plotted versus the distance moved by the tricular blood pump 258. This forces the blood dia- 

pusher-plate as a percentage of full stroke. Line Crepre- phragm within the intraventricular artificial heart to 

sents a well-designed system where the actual relation- move from its end-diastolic position 260 to the end-sys- 

ships correspond very closely with the ideal relation- 35 tolic position indicated by the dotted lines at 261. The 

ship shown in line B. use of the metal gas-filled bellows together with a direct 

FIG. 15-G illustrates the problems that arise if the pusher-plate actuation or hydraulic fluid actuation pro- 
pusher-plate 44 and rolling diaphragm are too small. vides a mechanism to power the artificial heart that 
The rolling diaphragm should have a shape as iilus- does not require any compliance chamber other than 
trated by the dotted line 246, but in the event the push- 40 that within the metal bellows itself, 
er-plate is too small, the rolling diaphragm will actually The compression of the gas within the bellows at the 
invert to the position shown by the solid line 248. This end of the diastolic phase compared to the gas at the end 
occurs because the volume of blood expelled from the of the systolic phase, provides an energy storage system 
large cylinder into the small cylinder 23 must equal the and functions like a spring. When the gas is compressed, 
change in volume of the gas within the bellows. Since 45 the energy is stored and when the gas expands, the 
the hydraulic fluid does not change volume, if the push- energy is released. The pressure and force relationships 
er-plate is too small, the hydraulic fluid will force the involved must be appropriately balanced and matched 
diaphragm to invert to a shape such as shown by line to the mechanical capability of the motor and mecha- 
248. In FIG. 16, this is represented by line A, where, by nism actuating the pusher-plate. FIG. 17 demonstrates 
the end of systole, that is, when the pusher-plate has 50 how this can be accomplished. (Intraventricular artific- 
moved 100% of its travel, the volume displaced by the ial hearts can also function utilizing an air vent either to 
pusher-plate is only 75% of the change in volume of the atmosphere or to a compliance chamber placed within 
gas within the bellows. the thorax, the abdominal cavity, or within the heart 

FIG. 15-H illustrates the situation in the event that itself), 

the pusher-plate 250 is too large. Again, since the vol- 55 In FIGS. 17-A through D, the angular position of the 

ume of blood expelled from the cylinder 236 must equal motor and crankshaft of the artificial heart illustrated in 

the change in volume of the gas in the bellows, less FIGS. 13 and 14 is plotted against a number of parame- 

blood must actually be expelled from the large cylinder ters, including blood pressure and spring forces as well 

than the pusher-plate and rolling diaphragm would tend as the position of the pusher-plate. Referring to FIG. 

to do. Therefore, provided that enough force is applied 60 17-A, pusher-plate displacement in inches is plotted as a 

to the pusher-plate, the rolling diaphragm must stretch function of the rotation of the motor. Between 0 and 180 

from the position indicated by the dotted lines 252 to degrees, the pusher-plate is moving from the end-sys- 

the position indicated at the solid line 254, since the tolic position illustrated in FIG. 13 by the dotted lines to 

volume of hydraulic fluid is constant. This is illustrated the end-diastolic position illustrated in FIG. 13 by the 

in FIG. 16 by line D which shows that by the time full 65 solid lines. From 180 to 360 degrees, the pusher-plate is 

stroke of the pusher-plate has occurred, the volume moving from the end-diastolic position to the end-sys- 

replaced by the pusher-plate would tend to be approxi- tolic position. During the diastolic phase, (0 through 

mately 125%. As drawn in FIG. 16, unless the dia- 180 degrees), the pressure of the gas within the metal 
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bellows and hermetically-sealed chamber 122 contain- atmospheric pressure and thus tend to reduce them, 
ing the motors and scotch yoke assembly increases from Note that the force of the spring bellows increases from 
390 mm Hg pressure to a peak of 524 mm Hg pressure. 1 to 3 pounds during diastole and that the spring force 
The volume of fluid labelled the fill/eject volume, (that of the belleville washers first increases from 23 to 23.5 
volume of blood within the intraventricular artificial 5 pounds and then decreases to 15 pounds during diastole, 
heart that constitutes a portion of the stroke volume), During systole these spring forces change as shown in 
increases from 0 to 25 ml at the end of diastole. Thus the FIG. 17-D. The forces of the metal bellows and belle- 
artificial heart is maximally filled with blood at the end ville washers are carefully selected by the design of 
of diastole. During systole, the gas pressure within the these system components to yield the characteristics 
bellows diminishes from 524 mm Hg back to 390 mm 10 shown. The belleville washer stack is specifically 
Hg, returning the stored energy to the pusher-plate chosen in this embodiment for its special spring charac- 
while the blood is being ejected from the pump. teristics that permit the force it exerts to be lower in the 

This cycle occurs with each beat of the heart, and end-diastolic position than in the end-systolic position, 

during one complete revolution of the motor, the dis- FIG. 21-C illustrates a belleville washer in the stack 

placement, fill/eject volume, and gas pressure undergo 15 with its height, h, shown and its thickness, t, shown, 

increases and decreases in a sinusoidal fashion deter- FIG. 21-B illustrates the characteristic of belleville 

mined by the geometry of the scotch yoke driving the washers wherein the load varies as a percentage of the 

pusher-plate. If a different mechanism such as a linkage deflection of the height of the washer, depending upon 

or cam were utilized, these curves would not necessar- the ratio of height to thickness. These curves are given 

ily be sinusoidal. However the sinusoidal wave form has 20 for various ratios where h=t, h=2t, h=2.83t, and 

advantages for the smooth operation of a rotary mecha- h=3t. We see that for washers of physical geometry 

nism at high speed. where h=3t, the load (or force) first increases slightly 

FIG. 17-B illustrates the intraventricular blood pres- from 40% to 50% deflection and then decreases mark- 
sure during diastole and systole in a hypothetical char- edly from 50% to 85% deflection. A spring of this type 
acteristic heart beat. Actual pressures in physiologic 25 is used in the embodiment illustrated in FIG. 13. FIG. 
conditions will differ from this idealized wave form, 21-C illustrates a stack of belleville washers in series. In 
which represents operating conditions under a rela- this arrangement, the force exerted axially by the com- 
tively high systolic pressure load. It is most important to pressed stack is equal to the force exerted by each 
recognize that the amount of energy input into hemody- washer alone, but the displacement of the entire stack 
namic work to move the blood is practically zero dur- 30 changes in an additive fashion by the displacement of 
ing diastole and is significant during systole for the left each washer. Thus a stack in series can permit a long 
intraventricular artificial heart. In applications where axial displacement while retaining the force characteris- 
the device also actuates a right ventricular pumping tics of a single washer. 

mechanism, the hemodynamic work done during dias- In the intraventricular artificial heart application, a 
tole will usually be about 20% of the work done during 35 very high number of operating cycles is required to 
systole. Thus, matching of the spring and pressure obtain the necessary durability. This durability can be 
forces involved can be optimized depending upon the increased by utilizing a combined series and parallel 
specific application of the device in order to maximize stack as illustrated in FIG. 21-D. In this case, two belle- 
overall energy efficiency of the system. ville washers are placed one upon the other in a lami- 

FIG. 17C shows the forces of the atmospheric pres- 40 nated fashion. Groups of these two-piece parallel stacks 

sure on the pusher-plate and the force of the blood are then placed in series. The characteristics of this 

pressure on the pusher-plate over the cycle. The gas stack will be that the axial force exerted is equal to 

pressure within the bellows is sub-atmospheric, in the twice the force of a single washer, and the displacement 

range of 390 to 524 mm Hg compared with a usual of the entire stack will be equal to one half the displace- 

atmospheric pressure of 760 mm Hg. Therefore, the 45 ment of the individual washers. Note that FIGS. 21-C 

higher external atmospheric pressure acting through the and 21-D are drawn to scale to represent washers where 

blood will tend to force the pusher plate from the end- h=3t in both illustrations. Thus, the overall force- ver- 

systolic position towards the end-diastolic position. sus-displacement (load deflection) curve of the stacks 

This force is greatest when the gas within the bellows is illustrated in FIG. 21-C and 21-D will be the same. The 

at the lowest pressure (end-systolic position), which in 50 area of contact of the stacked washers in 21-D is appro- 

this embodiment is 23.7 pounds. At the end-diastolic priately lubricated, and the washers are carefully qual- 

position when the gas within the bellows has been com- ity-controlled for freedom from cracks and defects. If 

pressed to its maximum extent the net force of the atmo- the washers are stress-relieved and have the right sur- 

spheric pressure on the pusher-plate (the force that is face characteristics, such as results from shotpeening, 

not counter balanced by the gas pressure within the 55 the laminated stack shown in FIG. 21-D can achieve 

bellows) is diminished to 15.4 pounds. FIG. 17C also significantly higher durability in terms of the number of 

shows the force of the blood pressure on the pusher- cycles than the non-laminated stack shown in FIG. 

plate which is seen to be low during diastole and in- 21-C. Additionally selecting the appropriate overall 

creases to a peak value of 9.1 pounds during systole. geometry of the washers to achieve the necessary 

The combined force on the pusher-plate by the atmo- 60 spring forces and minimize the stress load within the 

spheric pressure and the blood is shown as the dotted material greatly enhances the reliability of the system, 

line in FIG. 17C. This combined force always is exerted Again returning to FIG. 17, the difference between 

in the direction from the blood side towards the pusher- the combined spring force and the combined force on 

plate. the pusher-plate of the atmospheric and blood pressure 

FIG. 17-D shows the forces exerted by the metal 65 represents the force that must be provided by the motor 

bellows and the stack of belleville washers within the via the scotch yoke mechanism in order to move the 

mechanism. These two spring forces act in a direction pusher-plate and thus actuate the heart. In FIG. 17-E, 

opposite to the forces of the blood pressure and net these two curves are plotted, and the area between them 
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is crosshatched showing the portions of the cycle where 
the motor must supply energy to move the pusher-plate. 
The motor torque required to provide this amount of 
force is also given in FIG. 17-E. Note that for part of 
the cycle between approximately 180 degrees and 230 5 
degrees, the motor torque has a negative value. During 
this portion of the cycle, the net balance of forces is 
such that energy stored within the springs and relation- 
ships of atmospheric pressure to pressure within the 
bellows actually causes the pusher-plate to move and 10 
provide the energy to rotate the motor. If a very sophis- 
ticated electronic and battery system were utilized, the 
motor could function as a generator during this portion 
of the cycle and store energy electrically in the battery. 
In practical reality, this type of system is not necessary; 15 
however, the careful matching of system spring charac- 
teristics, gas pressure within the device, actuator 
(scotch yoke mechanism) characteristics, and motor 
speed torque characteristics yields a situation in which 
the motor load is generally evenly distributed between 20 
the diastolic and systolic phases. This reduces the peak 
motor torque required during maximum systolic blood 
pressure load and permits efficient operation of the 
motor. In other embodiments of the invention that uti- 
lize either a right ventricular pumping chamber or uti- 25 
lize a compliance sac or vent, the appropriate selection 
of spring forces in the bellows and the use or omission 
of the stack of belleville washers allows optimization of 
the system to minimize the torque requirements on the 
motor, thereby permitting reduced motor size and 30 
greater motor efficiency. 

FIG. 27 is a longitudinal sectional view of a fluid 
powered intraventricular artificial heart such as illus- 
trated in FIG. 6, FIG. 11, and FIG. 12 with a power 
source to provide hydraulic fluid actuation. The blood 35 
pump is designed to permit implantation within the 
ventricular cavity of an average-sized adult male and 
provide a stroke volume of approximately 50 ml. The 
pump is round on cross-section, utilizes seamless multi- 
layer diaphragm construction, and is designed to have 40 
low stress at the junction of the blood diaphragm 284 to 
the housing 286 and attain long-term durability. Refer- 
ring to FIG. 27, the blood pump utilizes a diaphragm 
having a spherical portion 290 and a portion which is 
the frustrum of a cone 288. The diaphragm is comprised 45 
of at least three layers, the blood diaphragm layer 284, 
the intermediate layer 294, and the hydraulic fluid dia- 
phragm layer 292. The spaces between these layers are 
preferentially lubricated with graphite powder. The 
intermediate and hydraulic fluid diaphragm layers are 50 
bonded to a ventricle base 296 around their circumfer- 
ence at 310. They are also bonded to one another in this 
region, but throughout the rest of their surface (other 
than the area immediately adjacent to the outside of the 
base), the diaphragm layers are not bonded together. 55 
Hydraulic fluid diaphragm layer 292 is also bonded to a 
register band 308 during the molding process which 
permits the glued assembly of register band 308, hy- 
draulic fluid diaphragm 292, and hydraulic fluid dia- 
phragm 294. When the diaphragm assembly is in the 60 
end-diastolic position as shown in FIG. 27, the dia- 
phragm assembly rests against a support screen 298, 
having holes 300 through which the hydraulic fluid 
may pass. The size and position of the support screen 
and the diaphragm layers are such that in the flexing 65 
position of the diaphragm 348, there is a fold of material 
that is not in contact with the base. This area represents 
the conical portion of the diaphragm, folded inward in 



the general fashion of a rolling diaphragm. Thus as the 
diaphragm moves from the end-systolic position 290, to 
the end-diastolic position shown in solid lines resting 
against screen 298 in FIG. 27, the diaphragm rolls 
evenly in the area of maximum bending, which is also 
the area of maximum stress upon the materials. This 
contributes to a long flex-life. 

A length of the diaphragm between the position indi- 
cated by 346 and 344 is unadhered to the polymeric 
housing 286 and is fabricated this way using the mold 
assembly illustrated in FIG. 24. This permits the blood 
diaphragm to bend in the area of its contact to the hous- 
ing at position 346 without high stresses associated with 
a sharp point of attachment such as point 384 shown in 
FIG. 25 for a prior art design. 

With the blood pump of the present embodiment, the 
entire inner layer in contact with the blood is formed in 
one solution-cast layer without any seams where throm- 
bus may form. A flexible polymer assembly consisting 
of the sewing ring segment 282 the connecting flange 
316, the blood diaphragm 284, and the flexible housing 
286, make up an integral unit which is soft and flexible 
and may be sutured in place within the natural ventricle, 
a technique thoroughly analogous to that described for 
the diaphragm sewing ring of the pusher-plate blood 
pump illustrated in FIG. 9-A. After this polymeric as- 
sembly is sutured in place within the heart, the rigid 
threaded connector ring 314 is placed in position over 
the connecting flange 316, and the snap-fit fasteners 318 
are pushed through the holes in the threaded connector 
ring 314, shown at 322. String-like extensions of these 
snap-fit connectors 326 may be used to facilitate the 
assembly. After the threaded connector ring is posi- 
tioned around the connector flange 316, it is prevented 
from rotating in respect of the sewing flange 282 and is 
essentially fixed by the suture line in one rotational 
position. The main housing support member 312 is then 
positioned between the threaded connector ring 314 
and the flexible housing 286 and rotated to engage the 
threads of the connector ring 314 with its own threads. 
It is screwed in until it clamps the connecting flange 316 
tightly. Thereafter snap-fit fasteners 320 (there ma be 
four to eight such connectors around the circumference 
of the device) are pushed through holes 324 in the main 
housing support member or may be drawn through 
using string-like extensions 328. When this is completed, 
the blood is cleaned off the exposed surfaces of the 
blood diaphragm 284. The assembly, consisting of the 
base 296, the intermediate diaphragm, and hydraulic 
fluid diaphragm, is then screwed into the main housing 
support member until it reaches the fully-tightened 
position shown in FIG. 27. The space between the 
blood diaphragm and the other diaphragm layers indi- 
cated at 330 is vented to the outside through a channel 
332 in the housing 286 that communicates with a ring- 
like air chamber 334 that is in turn in communication 
with a vent hole 336. A screw-in plug 342 that holds a 
resilient ball seal 340 to the threaded hole 338 is re- 
moved from the base and, using a small connector fit- 
ting with a tube and syringe (not shown), the excess air 
in the space 330 between the diaphragm layers is re- 
moved. The sealing ball 340 is placed to plug the hole, 
and the screw plug 342, is inserted and tightened. The 
hydraulic fluid chamber 302 is in communication with 
the conduit tube 62 that is held to the base 296 by 
threaded nut 304 that compresses the flange 302 of the 
tube against a tapered area on the base. 
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The design features and construction of this embodi- 
ment permit a generally cylindrical elongated seamless 
fluid-activated blood pump to be surgically implanted in 
the chamber of the left ventricle utilizing the above- 
described technique and assembly method. 

FIG. 25 illustrates the method of fabrication of the 
blood diaphragm layer of the JARVIK 7 (§) heart (prior 
art). In this design, the housing 378 is fabricated of 
BIOMER (g) or another polyurethane material such as 
PELLATHANE (g) 3 . The housing is quite stiff, but is 
slightly elastic and can be stretched over the hollow 
blood diaphragm mold 382. The housing is registered in 
position with relation to the diaphragm mold by a cir- 
cumferential lip that fits within a groove 388 and has a 
contour that matches a step in the mold at 390. The 
dotted line 392 in FIG. 25 represents a design for a new 
fabrication method shown in FIG. 26 and is not repre- 
sentative of any structure in the JARVIK 7 (§) heart. 
After the housing has been stretched over the hollow 
stainless steel diaphragm mold 382 and registered prop- 
erly, liquid polyurethane solution is poured into the 
housing mold assembly through the valve rings and 
coats the entire inner surface of the mold housing as- 
sembly to form a continuous inner layer. The portion in 
contact with the stainless steel mold forms the blood 
diaphragm 380, and the remaining inner surface of the 
heart is coated with a blood-contacting layer 386 that 
adheres tightly to the housing and, in effect, becomes a 
part of it. Thus when the housing and blood diaphragm 
is removed from the stainless steel mold, the diaphragm 
is fixed to the housing circumferentially at point 384, 
which has a relatively sharp attachment geometry. 

3 PELL ATHANE (B is a registered trademark of Upjohn, Incorpo- 
rated, Kalamazoo, Mich. 

The blood diaphragm-housing assembly is placed 
over a base with a multi-layer diaphragm designed such 
that during full pressurization of the JARVIK 7® 
heart by compressed air at the end-systolic position, 
there is very little stress on the blood housing-dia- 
phragm attachment point 384. Thus the JARVIK 7 ® 
heart diaphragm is able to flex for several hundred 40 
million cycles without breaking. However, eventually 
the air diaphragms of the JARVIK 7 ® heart experi- 
ence creep under the forces of the compressed air pres- 
sure and stretch in such a manner that they exert tension 
on point 384 at the end-systolic portion of each cardiac 
cycle. Eventually the diaphragm fails at point 38 which 
constitutes the limiting factor of the durability of the 
entire design. 

A new artificial heart structural component design in 
this critical region and the fabrication method illus- SO 
trated in FIG. 26 prevents this failure from occurring. If 
the blood diaphragm layer 380 continues in the region 
indicated by the number 385 without attachment to the 
housing 378, the high stress from the air diaphragms 
will not occur at point 384, and the life of the ventricle 
will be greatly extended. To achieve this geometry, a 
different housing shape and mold shape is used as illus- 
trated in FIG. 26. The housing 394 is fabricated with a 
thin section 398 and otherwise would have the same 
form as if the housing 378 were cut off at the dotted line 
indicated as 392. The thinned portion of the housing is 
flexible enough to stretch over the outwardly-tapered 
portion of the stainless steel blood diaphragm mold 396 
indicated at 400. A registry groove in the mold 401 
receives a correspondingly-shaped circumferential lip 65 
of the diaphragm to hold it in proper position with 
respect to the mold. The circumferential separator sec- 
tion of the mold 406 makes tapered contact with the 
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housing at 408. Liquid polyurethane solution poured 
into the assembly of the stainless steel mold and housing 
coats the inner surfaces and forms both the blood dia- 
phragm 404 and an inner coating on the housing. Cir- 
cumferentially, in the area indicated at 410, the blood 
diaphragm is not attached to the housing, and after the 
blood diaphragm-housing assembly is removed from 
the stainless steel mold 396, it takes the same form as the 
housing prior to stretching it over the tapered mold and 
fits properly against the base assembly. Thus the result 
obtained is a geometry equivalent to that which would 
have been obtained if the diaphragm mold 396 had the 
contour indicated by the dotted lines 402 instead of its 
actual outer contour 400 and the polyurethane solution 
did not stick to the inside of the housing in the area 
indicated by number 410. 

FIG. 24 illustrates a similar method of fabrication 
utilized with the intraventricular blood pump of the 
configuration illustrated in FIG. 27. The polymer por- 
tion of the housing, which, without stretching, would 
lie in the position shown by the dotted lines at 368, is 
stretched over the stainless steel blood diaphragm mold 
and lies in the position shown at 370. This is analogous 
to the stretching of the thin housing member over the 
mold illustrated in FIG. 26. Mold support members 352 
and 354 retain the flange 316 in place and are bolted 
together by a series of bolts 362 located around the 
circumference of the mold assembly. The outer tip of 
the sewing ring is also held in place by a clamping ring 
356 and by a number of screws 364. With mold mem- 
bers 352, 354, and 356 clamped to the sewing ring hous- 
ing assembly, and with portion 370 of the housing 
stretched over the diaphragm mold 350, the housing can 
be clamped tightly by bolts 360 using spacer rings 358 to 
ensure the proper position. With the sewing cuff 282, 
connecting flange 316, and housing 286 thus held in the 
mold assembly, liquid polyurethane solution is then 
poured into the mold to coat the inner surface and form 
the blood diaphragm and a coating layer over part of 
the housing and sewing cuff. The blood diaphragm has 
a section that is a portion of a sphere 374, a section that 
is a frustrum of a cone 372, and a radius 375. It is at- 
tached to the housing at point 344. After this solution- 
cast diaphragm and lining is dried and cured, the mold 
is disassembled, and the polymeric parts removed. The 
stretched housing 370, returns to its original form as 
indicated by the dotted lines 368. A portion of blood 
diaphragm 345 lies against the housing without being 
adherent to it. The proper geometry has been achieved. 

Other embodiments of intraventricular artificial 
hearts may utilize rotary blood pumps. These may be of 
several varieties, including axial-flow pumps, mixed- 
flow pumps, and centrifugal-flow pumps. A centrifugal- 
type intraventricular blood pump is illustrated in FIG. 
5, and the preferred embodiment of this is detailed in 
FIGS. 18 and 28. FIG. 18 is a three-dimensional view 
showing the rotating part of the pump, which consists 
of the motor rotor 412 and impeller assembly 462, at- 
tached to the motor rotor by support pins 420. This 
rotating member is supported radially by a bearing that 
is comprised of a wire 436 maintained in tension. The 
wire is preferentially ground to very precise dimensions 
with a smooth polished surface finish. The material 
should be a very high strength non-corrosive alloy, 
such as Stellite 25. 

Referring to FIG. 28, the rotor 412 contains the mag- 
nets 424 of a brushless DC motor with the windings 482 
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located within the housing of the pump 446. Blood 
flows through channel 476, which in normal motor 
terminology is called the "air gap" of the motor. Thus, 
via the electric motor, the rotor assembly carrying the 
pump impeller is magnetically driven within the blood- 5 
stream. The rotor is comprised of housing members 426 
and 428 welded circumferentially at points 430 and 432 
so as to completely hermetically seal the motor magnets 
and prevent blood contact with the magnet material. 
The rotor contains a generally cylindrical bushing 434 10 
made of a hard material such as ceramic, pyrolitic car- 
bon, or a synthetic crystal such as sapphire. This bush- 
ing has an axial hole through which the bearing wire 
436 passes. The gap between the wire and the bushing is 
extremely narrow and is filled with blood plasma. There 15 
is very little room for thrombus to form in this crevice 
since the bearing wire 436 might typically be 0.030 
inches in diameter, and the gap might be only 0.0002 
inches. The bearing wire 436 is maintained in a rigid 
state of tension by a spring 442 that acts between a 20 
washer 454 and a support hub 438, held against a ta- 
pered area of the housing 448 on the tips of the blades 
444, which closely match the housing taper at 446. The 
bearing wire 436 has a tapered, widened portion 450 
that locks into the support hub 438. At the other end of 23 
the wire, a ball 452 is welded in place after the pump is 
assembled to permit spring tension to be transmitted 
axially to the wire. The support hub 438 is fitted with an 
axial bearing 458, which is also made of a ceramic or 
jewelled material and can contact bushing 434 if the 30 
impeller is displaced axially. Similarly, at the other end 
of the rotor, another axial thrust-bearing member 436 is 
located, also comprised of a similar material that is 
capable of acting as a bearing for thrust loads in the 
opposite direction. In usual operation, the bushing 434 35 
should not contact either the thrust members 456 or 458. 
The small gap 470 is maintained at one end of the rotor, 
and another small gap 472 is maintained at the opposite 
end. 

During rotation and centrifugal pumping, the axial 40 
thrustload on the impeller and rotor is small. The rotor 
includes a ring magnet 460 that is positioned between 
two other ring magnets 466 and 468, axially aligned 
within the housing. These three magnets are arranged 
with their polarity such that the ring magnet on the 45 
motor is opposed by repulsion of the magnetic fields of 
the stationary magnets in the housing, which resist 
forces tending to move it axially in either direction. 
Thus, the complete bearing system of this embodiment 
includes a radial journal bearing having as its shaft a 50 
small diameter wire in tension, and an axial thrust-bear- 
ing assembly comprised of appropriately-aligned ring 
magnets with opposing poles. Mechanical thrust-bear- 
ing surfaces are also provided to prevent the rotor from 
hitting the housing in the event of sudden forces, such as 55 
shock or vibration, which might move the rotor assem- 
bly axially despite the magnetic thrust bearings. The 
blood flow path around the support hub 438 is such that 
the exposed portion of the bearing wire 436 in gap 470 
is washed by a high blood flow, and this prevents 60 
thrombus formation. A similar geometry is utilized at 
the other end of the rotor to assure that the exposed 
portion of the bearing wire 436 is also well washed in 
the gap 472 by high blood flow, which prevents throm- 
bus formation. The rotor assembly includes an inner 65 
member 464 that carries impeller blades, one of which is 
indicated at 418. This impeller member is fixed to the 
motor rotor by three pins, one of which is shown at 422 



that pass through support pins 420. The outer member 
of the pumping impeller 462 also carries impeller blades, 
one of which is indicated at 416, and the two members 
are welded together after insertion of the support pins 
422 and insertion of the ring magnet 460. This com- 
pletes the rotor assembly. 

The housing is similarly comprised of several parts 
440, 445, 447, and 448 that are welded together circum- 
ferentially at positions 486, 488, and 490 after the pump 
is assembled. 

The centrifugal-type intraventricular blood pump is 
implanted by suturing in a flexible sewing cuff 38 after 
the leaflets of the aortic valve have been sutured shut. 
This is shown in FIG. 5. The sewing cuff 38 is then 
attached to the housing of the blood pump by means of 
a nut 52 that captures a flange 492 of the sewing ring. 
The end of the housing is tapered where it seats against 
the flange 492, and this permits it to align and seat prop- 
erly so that only a very small gap is present at position 
434. 

Blood entering the inflow passes around the rotating 
hub as shown by the arrows 474. Blood flows through 
the "air gap" of the motor, and when it reaches approxi- 
mately position 478, the stream is divided into two 
channels of equal area. This is indicated by the arrows 
leading from point 478. If the blood takes the outer 
channel, it will pass on one side of the impeller assem- 
bly, and if it takes the inner channel, it will wash across 
the bearing wire gap 472 and then pass to the other side 
of the impeller. As the flow moves radially along the 
impeller, it is given a rotational push by the impeller and 
its blades, which increases the rotational velocity of the 
fluid and correspondingly increases the fluid momen- 
tum. By the time the fluid reaches the outer circumfer- 
ential channel 480 around the outside diameter of the 
impeller assembly 414, its rotational momentum is 
greatly increased. The diffuser 40 is a tapered tube de- 
signed to convert the rotary fluid momentum into flow 
and pressure energy at the outflow. The diffuser section 
40 leads to the outflow graft 42 that is anastomosed to 
the ascending aorta. 

A centrifugal intraventricular blood pump may be 
operated at a continuous rotational speed to deliver a 
generally pulseless flow to the arterial system. Alterna- 
tively, the speed of rotation of the impeller may be 
cyclically increased and decreased by a control system 
to provide pulsations in the arterial pressure. The type 
of blading used with the pump impeller may be varied 
depending upon the flow and pressure desired. Centrif- 
ugal pump impeller systems utilizing a series of concen- 
tric cones or a series of generally parallel discs may be 
used rather than impellers with blades to reduce the 
blood damage for long-term use. With proper impeller 
design, flows of 5 to 10 litres per minute against an 
arterial blood pressure of 100 to 150 millimeters of mer- 
cury are achieved at rotational speeds of 2,000 to 4,000 
rpm with a pump impeller having an outside diameter of 
approximately 4.5 cm. 

Other embodiments of centrifugal type intraventricu- 
lar blood pumps are illustrated in FIGS. 36 and 37. 
These pumps are very similar in function to the embodi- 
ment illustrated in FIG. 28. In FIG. 36A, blood enters 
at the inflow 401, passes across a bearing junction 403 
located in a high flow area, then passes around the rotor 
through the channel 405 between the stator of the 
motor 407 and the rotor of the motor 409. The blood 
then passes across the second bearing junction 411 on 
the outflow side of the rotor. Thereafter the blood is 
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pumped by the action of the centrifugal impeller blades 
413, through the pump diffuser 415, and out the outflow 
417. In this embodiment the wire 419, which serves as 
the non-rotating shaft of the journal bearing system, is 
maintained in tension by spring forces exerted from a 5 
Belleville washer stack 421. The pump is similar in 
hydrodynamic function to the pump shown in FIG. 28 
and differs principally in the bearing system utilized. 
The embodiment shown in FIG. 36A utilizes a rotary 
journal bearing system similar to that previously de- 10 
scribed. However, the thrust load is absorbed in part 
magnetically and in part by mechanical thrust bearings 
located at either end of the rotor. As the pump is config- 
ured, the thrust load imparted against the impeller due 
to the action of the impeller on the blood causes a force 15 
tending to displace the rotor axially in the direction 
towards the inflow. This force is in part opposed mag- 
netically by thrust forces developed due to the design 
and arrangement of the magnetic components of the 
motor. The motor rotor 409 is a magnetized material 20 
such as a two-pole bar of samarium-cobalt or neodymi- 
um-boron-iron. This magnetic component is displaced 
axially in relationship to the motor laminations 407. The 
axial displacement 421, illustrated by the extension lines 
of 36A, causes a magnetic force which tends to move 25 
the rotor axially so as to eliminate the axial displace- 
ment 421. This force acts to counterbalance part of the 
thrust load exerted by the action of the impeller blades 
against the blood. If the magnetic force from the axial 
displacement of the motor rotor within the motor lami- 30 
nations were exactly equal and opposite in magnitude to 
the forces exerted by the blood against the impeller and 
rotor, no further thrust bearing elements would be re- 
quired. However, during operation of the pump, varia- 
tions of blood pressure and pump speed cause the thrust 35 
load exerted by the impeller to vary. The displacement 
of the motor rotor from the laminations illustrated at 
421 counterbalances most of the thrust load under nomi- 
nal operating conditions. Mechanical thrust bearing 
elements absorb resultant thrust forces when load con- 40 
ditions differ from operating conditions in which the 
thrust forces of the system are balanced magnetically. 
These mechanical thrust bearing elements are com- 
prised of ceramic, jewelled, or pyrolitic carbon bush- 
ings 423 and 425 which are mounted within either end 45 
of the blood pump housing so as to remain fixed and 
non-rotating. The rotating thrust bearing members 427 
made of ceramic jewelled or pyrolitic carbon, or other 
material, butt up against these stationary thrust bearing 
elements at each end. A gap thus exists on each end of 50 
the bearing system positions at 403 and 411. The axial 
dimensions of the entire assembly are such that this gap 
is extremely small (in the range of 0.001") and as blood 
flows across the gap, the area is very well washed by 
high flow and does not accumulate thrombus. Thus the 55 
overall bearing system supports the radial load on the 
wire-in-tension, supports much of the axial thrust load 
magnetically, and includes mechanical thrust bearing 
elements which are designed so as to be well washed to 
avoid blood thrombus and which absorb unbalanced 60 
thrust loads of a relatively low magnitude. 

FIGS. 37A and 37B illustrate other embodiments of 
centrifugal type blood pumps in which the blood flows 
across the air gap between the motor rotor and motor 
stator and comprises a combination of mechanical bear- 65 
ing elements well washed by high blood flow and mag- 
netic thrust bearings. In FIG. 37A, the rotor which 
carries the impeller is supported on shaft 429, by a jour- 
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nal bearing system. The shaft is comprised of a corro- 
sion resistant, high strength material, such as stellite, 
which is also highly resistant to frictional wear. The end 
of the shaft is adapted to support an axial thrust load 
against a jewelled, ceramic, or pyrolitic carbon gener- 
ally cylindrical thrust bearing pad 431 and is supported 
axially for rotation within a ceramic, jewelled, or pyro- 
litic carbon bearing sleeve 433. The magnetic rotor of 
the motor is axially offset toward the inflow of the 
pump such that a high enough axial load is developed 
magnetically to hold the end of shaft 429 against thrust 
pad 431 under all operating conditions. Thus, in this 
embodiment the axial load resulting from the forces 
exerted by the action of the impeller on the blood must 
never exceed the counterbalancing magnetic force ex- 
erted axially by the magnet of the motor rotor. The 
forces and components can be arranged such that the 
system is well balanced and the thrust load on the thrust 
pad 431 is relatively light so that wear is minimized. 
Shaft 429 will be long enough and the clearances within 
the pump can be sufficient to permit a small amount of 
wear to occur without detriment to the function of the 
system. At the junction 435, between the rotating shaft 
429 and the stationary bushing 433, a small gap exists 
which is well washed by high blood flow to prevent 
thrombus accumulation. 

FIG. 37B shows another embodiment similar to FIG. 
37A. However, in this embodiment, the shaft of the 
journal bearing system 437 is stationary and the journal 
sleeve 439 rotates with the impeller. A generally cylin- 
drical thrust bearing pad 441 fits within the bore of the 
rotor. It rotates with the rotor and carries thrust load 
against the end of the shaft. Magnetic forces acting 
axially between the magnet of the rotor and motor stack 
laminations hold the motor rotor with the pump impel- 
ler in position against the shaft 437. These magnetic 
forces must be sufficient to overcome axial loads result- 
ing from the action of the impeller against the blood 
which are exerted in the opposite direction. In this 
embodiment a small gap exists at the function of the 
rotor and the shaft 443 which is also well washed by 
high blood flow to prevent thrombus formation. 

Another embodiment of a rotary intraventricular 
blood pump is show in FIGS. 11, 19, and 29. FIG. 19 
shows the rotor of the intraventricular axial flow pump 
suspended radially on a bearing system using a wire in 
tension 506 very similar to the bearing system used with 
the centrifugal pump embodiment. The motor rotor is 
similarly encased in the rotor 500, which carries the 
rotor blades 502 of the axial flow pump. The stator 
blades of the axial flow pump 510 are supported on a 
stationary hub 508. Referring to FIG. 29, the detailed 
assembly of the preferred embodiment axial flow pump 
is shown. The motor magnets 504 and a bar magnet 520 
that comprises part of the magnetic thrust-bearing sys- 
tem are encased in the rotor housing by welding in a 
similar fashion to that described for the centrifugal 
embodiment of the invention. The axial flow pump 
impeller blades 502 are located on the outflow side of 
the rotor and have a small hub diameter with a tip diam- 
eter approximately the same as the outer diameter of the 
rotor. The gap between the tip of the impeller blades 
502 and the housing 514 is typically less than 1 mm. The 
tip diameter of the blades may be approximately 14 mm, 
and the hub diameter may be approximately 7 mm. With 
proper impeller blading design, the pump may be oper- 
ated at speeds in the range of 5,000 to 7,000 rpm to 
obtain blood flows of 5 to 10 litres per minute against an 
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arterial pressure of 100 to 150 mm Hg with an accept- 
able level of blood damage. The hub 508 supports out- 
flow stators 510 that fit against a tapered section 512 of 
the hOusing 514. Thus, when axial tension is exerted 
against the bearing wire 506 by the spring 518 acting 5 
against the washer 540, the tips of the finely-machined 
outflow blades nest tightly into the tapered bore of the 
housing and seal the gap. The bearing system of the 
axial flow pump intraventricular artificial heart incor- 
porates ceramic or jewelled matching members 526, 10 
528, and 530 that may act as thrust bearings as well as 
rotary bearings if the fluid forces close either gap 564 or 
gap 568 and move the rotor 500 out of its central posi- 
tion. However, the design includes magnetic thrust- 
bearings through the action of opposing magnetic poles 15 
between rotor magnet 520 and stationary magnets 522 
and 524. The blood flow path within the axial flow 
pump is arranged to thoroughly wash the gap at each 
end of the rotor and prevent thrombus formation 
around the wire in the area of the gap at 564 and 568. 20 

Blood enters through the inflow sewing flange 546 as 
indicated by the arrow 560. Next, the blood flows 
through the inflow graft 70 and passe through the con- 
nector tube 544 that reduces the diameter of the flow 
stream and increases the velocity of the flow reaching 25 
point 562. This better washes the end of the rotor. The 
flow then passes around the rotor and, as indicated at 
566, flows through the "air gap" between the motor 
windings at 532 and the motor magnets 504. The diame- 
ter of the flow path is then reduced as the blood crosses 30 
the impeller, which imparts rotational energy to the 
fluid, increases its radial momentum, and propels the 
blood against the outflow stator set 510. These outflow 
stators convert the rotational energy of the fluid mo- 
mentum into axial flow and pressure as the fluid exits 35 
the pump 570 through the outflow graft 72. 

Electric power is supplied to the motor via the power 
cable 80 which is encapsulated at 538 in the area where 
the wires are brought through the housing. Hermetic 
feedthroughs 536 are used to bring the wires into the 40 
motor and assure a seal that will not permit corrosive 
blood to enter the motor. The hermetic sealing of the 
motor compartment is accomplished by welding at 
seams 534 and 535 in the course of assembly of the 
system. The end cap 542 may also be welded to part of 45 
the housing 516. The axial flow pump, which is gener- 
ally cylindrical, may be encased in a polymer body 78 to 
make the pump better conform to the shape of the intra- 
ventricular chamber. Additionally, in this embodiment, 
as in all other embodiments, the outside surface of the 50 
intraventricular blood pump may be covered with a 
porous fabric or other porous surface to permit good 
tissue ingrowth and help prevent infection. 

FIG. 38 and 39 illustrate additional embodiments of 
the invention utilizing axial flow pumps and a variety of 55 
journal bearing elements immersed in the blood stream 
and designed for low friction, low wear, and avoidance 
of thrombus formation. In the embodiment shown in 
FIG. 38, blood enters through the inflow 501, passes 
across the junction of the rotating and stationary com- 60 
ponents of the bearing system at the inflow side at 503 
and then passes through the gap between the motor 
rotor and motor stator (including the stack and lamina- 
tions) 505. The motor stack is shown as number 507 and 
the motor magnets are indicated at 509. As the blood 65 
passes across the rotor or impeller blades 511, the action 
of the blades against the blood pumps the fluid and 
causes an axial force exerted upon the rotor in the direc- 



tion of the pump outflow 513 towards the pump inflow 
501. The blood then washes across the gap between the 
rotating and stationary bearing elements at 515 and 
passes across the outflow stators 517. Radial loads are 
supported by the stationary bearing wire 519 held in 
tension by the forces exerted by a stack of Belleville 
washers 521, or a spring of another type. 

The thrust bearing system utilized in the embodiment 
shown in FIG. 38 is very similar to the system utilized 
in the centrifugal pump embodiment shown in FIG. 
36A. The motor rotor 509, comprised of a permanent 
magnet, is offset axially with relationship to the motor 
suck and laminations 507 by an appropriate distance 
illustrated as 523. This offset causes an axial force upon 
the rotor which is so directed as to counterbalance the 
axial force which results from the action of the rotating 
impeller blades 511 against the blood stream. Thus the 
magnetic axial force is in the direction from inflow 
towards outflow, whereas the axial force resulting from 
the action of the impeller blades against the blood 
stream is in the direction of the outflow towards the 
inflow. The amount of the offset 523 is adjusted to over- 
come a substantial portion of the hydrodynamic thrust 
load exerted against the rotor. Mechanical thrust bear- 
ing elements are provided at either end of the rotor to 
absorb thrust loads which occur with variations in the 
blood pressure and impeller speed. The thrust bearing 
elements are comprised of generally cylindrical pads of 
ceramic, jewelled, or pyrolitic carbon, or other suitable 
material and are mounted in a stationary manner in the 
housing and in the hub supporting the stator blades. 
These elements are shown illustrated at both 525 and 
527. They act axially against either end of the rotating 
member 52 and all axial tolerances of the appropriate 
components are adjusted such that the gap at 503 and at 
515 between the ends of the rotating bushing and the 
thrust bearing elements is a very small gap of approxi- 
mately 0.001" or less. One thrust bearing pad may be 
mounted so as to be axially loaded by a spring in such a 
manner that the gap is maintained very small even if 
wear in excess of 0.001" occurs over the operational 
lifetime of the bearing system. The structure is arranged 
such that this gap is well washed by a high velocity 
stream of blood to prevent formation of blood clots. 
The thrust bearing system is designed and balanced in 
such a manner that the thrust loads initially exerted 
against the mechanical elements are minimized and the 
majority of the load is taken magnetically by the ar- 
rangement of the motor's magnetic rotor and stator 
elements. 

FIG. 39A-F illustrates six other embodiments of the 
invention in which journal bearings having components 
immersed in blood are designed such that only a very 
small gap exists at the junction between the rotating and 
stationary elements and the gap is located in an area of 
high blood flow to prevent thrombus formation. Em- 
bodiments illustrated in FIGS. 39A-F do not utilize the 
wire-in-tension as a stationary journal bearing shaft, but 
rather utilize conventional shafts of a small diameter 
which are composed of high strength metal alloys resis- 
tant to wear and corrosion. The shaft and bushing ele- 
ments including the radial bushings and thrust bushings 
are small in diameter to keep the surface rubbing speeds 
to a minimum. 

In FIG. 39A the rotor is supported by a stationary 
shaft 531, which passes through the pump rotor 533 
within a rotating bushing 535. Stationary thrust bearing 
elements composed of ceramic or other appropriate 
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materials are located at either end of the rotor (537 and 
539). In FIG. 39B the axial end thrust loads are ab- 
sorbed by two stepped end bearing pins 541 and 543 
which have a central extension fitted into a rotating 
ceramic or pyrolitic carbon bushing 540. 5 

In FIG. 39C, a rotating shaft 547, having a stepped 
section on either end, is supported for rotation in a pair 
of cylindrical jewelled, ceramic, or pyrolitic carbon 
sleeve bearing elements 549 and 551. The system is 
adapted to absorb thrust loads and also to carry radial 10 
loads. In the embodiment shown in FIG. 39D, a rotat- 
ing metallic shaft 553 is fixed in relationship to the rotor 
555 which also carries a rotating ceramic or pyrolitic 
carbon sleeve 557. This sleeve is adapted to carry thrust 
loads against the stationary support hub 559 at position 15 
561. The shaft 553 has an enlarged thrust bearing por- 
tion 563 at one end, which is adapted to carry thrust 
loads against a stationary carbon or ceramic bushing 
565. 

In FIG. 39E, the embodiment with bearing elements 20 
similar to that shown in FIG. 39B is illustrated having 
impeller elements 567 and 569 on both ends of the rotor. 

FIG. 39F illustrates an embodiment with a stationary 
shaft 571 and stationary thrust bushing 573 and a rotat- 
ing cylindrical ceramic or carbon bushing 575. In this 25 
embodiment, the rotating pump impeller blades 577 are 
carried on the hub of the rotor and stator blades 579 are 
provided which are partly located within the "air gap" 
between the stator of the motor and the motor rotor. 

These and other embodiments of the invention utilize 30 
a variety of combinations of journal and thrust bearing 
elements as well as either complete magnetic thrust 
bearing capabilities or partial magnetic thrust bearing 
designs. 

Surgical implantation of the axial flow pump intra- 35 
ventricular artificial heart is accomplished using both 
inflow and outflow grafts that are first sutured into the 
natural heart and then connected to the artificial heart. 
Both these connectors utilize connector nuts 552 and 
558 and polymeric connector flanges 550 and 556 con- 40 
figured to be properly aligned on a tapered portion of 
the housing on which the connection is made and held 
there in compression by the nut. 

Embodiments of intraventricular blood pumps that 
are powered by electrically stimulated muscle grafts are 45 
shown in FIGS. 30 through 35. In FIG. 31, an intraven- 
tricular blood pump blood sac is sutured into the ven- 
tricular cavity near the mitral and aortic valves at suture 
line 586. This procedure is similar to those indicated for 
intraventricular blood pump designs and utilizes a pros- 50 
thetic mitral tissue valve while preserving the natural 
aortic valve. The muscle graft 588 that powers the 
intraventricular pump may be a translocated muscle 
from the patient's own body or may be a transplanted 
muscle from another individual. FIG. 31 shows the way 55 
in which this muscle is positioned within the enlarged 
natural left ventricle 59 and anchored by sutures 592 
and a large felt support pad 580. The blood sac itself 584 
in FIG. 30-A generally has the shape of the natural 
ventricular chamber. It is soft and flexible and may be 60 
rolled up to permit suturing of the sewing cuff 574. A 
wire embedded near the area of the sewing ring sup- 
ports the sac and prevents it from being distorted out of 
round in the area of the suture line. The outer wall 572 
may be of non-uniform thickness and may contain thin- 65 
ner sections 584 and thicker rib like sections 582. Near 
the tip of the sac, a suturing tongue 578 is provided to 
permit the tip of the sac to be anchored via sutures to 
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the apex of the heart utilizing the apical felt support pad 
580. The ribbing of 582 helps control the folding pattern 
when the muscle graft contracts. Additionally the rib- 
bing provides a "memory", resiliently tending to open 
towards the full position shown in 30-C. Thus, as the 
muscle contracts, the chamber undergoes a controlled 
folding pattern as illustrated in 30-D. 

In some cases, where the natural ventricle is not suffi- 
ciently enlarged by heart failure to permit implantation 
of the entire muscle graft within it, a portion of the left 
ventricular wall may be cut away and replaced with 
transplanted or repositioned muscle. FIG. 32 shows this 
situation in which the ventricular septum 602 is left 
intact, and a replacement left ventricular wall 594 is 
sutured to the natural heart at 598 and 600. An internal 
layer of muscle 596 is analogous to the muscle 588 im- 
planted within the natural ventricular cavity in FIG. 31. 
In this case, the tip of the blood sac is also anchored to 
an apical felt support pad 580 by sutures 604. 

The muscle-powered intraventricular blood pump of 
the sac-type illustrated in FIGS. 31 and 32 has some 
disadvantages because the folding of the sac is not pre- 
cisely controlled, and the contraction of the muscle may 
cause the sac walls to rub together and damage the 
blood. Without a well-controlled folding pattern the 
contracting muscle may cause stress concentration on 
the sac, which can result in relatively early failure. The 
embodiment illustrated in FIGS. 33, 34, and 35 illus- 
trates a preferred embodiment of an intraventricular 
artificial heart powered by stimulated muscle grafts. 
FIG. 33-A shows a longitudinal section of a blood sac 
614 having a sewing cuff 612, an attachment flange 622, 
snap-fit fasteners 624, and a metallic hermetic stainless 
steel washer 636 implanted within the blood sac at its 
apical end. This blood sac may first be sutured into the 
natural heart using sutures 648 to form the suture line 
650, which may be supported by pledgets 662 in a man- 
ner similar to that described for previous embodiments 
of the invention. In this case, the prosthetic mitral valve 
652 used is preferentially a tissue valve. The device 
incorporates an inner hydraulic fluid sac 630 and an 
outer housing 616 that are joined together to enclose a 
hydraulic fluid chamber 632. The inner and outer hy- 
draulic fluid sacs 616 and 630 are glued over a connec- 
tor ring 618 in the vicinity of the connector flange of the 
blood sac 622. 

During surgical connection, the connector ring 618 is 
screwed into the nut 620 to clamp the retaining flange 
622, the outer hydraulic fluid sac 616, and the inner 
hydraulic fluid sac 630 together. The outer hydraulic 
fluid sac has three thickened areas or ribs 626 that con- 
tain support wires 628 embedded therein. These support 
wires are continuous wire rings that are bent into the 
appropriate geometric form well indicated in FIG. 35. 
In this embodiment, the longitudinal ribs 626 are wire- 
reinforced and relatively stiff. The device is implanted 
such that as a surrounding muscle graft contracts and 
squeezes against it, the hydraulic fluid chambers and 
blood chambers change in geometry is a shown in FIG. 
33-B to 33-C. Both the blood sac and inner hydraulic 
fluid sac fold uniformly in a trilobed pattern and are 
protected from being creased or crushed together by 
the relatively rigid ribs 626. The outer hydraulic fluid 
chamber 616 may be covered with a porous fabric or 
other porous surface to permit tissue ingrowth. The 
wall of the outer housing is varied in thickness as indi- 
cated in FIGS. 33-B and is molded into the configura- 
tion shown in FIG. 33-B such that the resilient memory 
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of the material provides a restoring force to increase the 
blood volume within the pump to aid filling. The assem- 
bly is separable into four pieces as shown in FIGS. 33 
and 35. These are the blood sac 614, the hydraulic fluid 
sac and outer housing with the attached connector ring 
616, the nut 618, and the end cap 646, which contains a 
permanent magnet 640 and an O-ring seal 644. 

During implantation, after the blood sac 614 is su- 
tured in place, the nut 620 is positioned over the flange 
indicated by arrows 664 and attached with snap-on 
fasteners 624. The hydraulic fluid sac and connector 
ring assembly is then placed over the blood sac. At this 
point in the assembly, the end cap 646 is not in place, 
and air trapped between the blood sac and the inner 
hydraulic fluid sac may be withdrawn with a syringe 
and a small tube through the hole in the device shown 
at 634. As the connector ring and hydraulic fluid sacs 
are rotated and tightened against the nut, the air trapped 
between the blood sac and inner hydraulic fluid sac is 
withdrawn. Finally, the end cap is screwed into place 
against member 642, which positions the magnet 640 in 
the appropriate location to attract the metal washer 636 
implanted at the tip of the blood sac and help maintain 
the blood sac in proper place. 

FIG. 34 illustrates a muscle-powered intraventricular 
artificial heart utilizing the surgical technique in which 
part of the left ventricular muscle wall is replaced by a 
muscle graft 654 sutured to the remnant of the natural 
heart at position 658 and 660. The muscle graft may use 
several layers indicated by the dotted lines 656, which 
may result from wrapping a relatively flat elongated 
muscle around the prosthetic device. 

The principles of operation described in these em- 
bodiments of intraventricular blood pumps and the 
methods of surgical implantation are intended to be 
illustrative of the practice of the present invention. 
Without departing from the principles of operation of 
the present invention, other embodiments and varia- 
tions of the surgical method can be utilized. Thus, the 
information disclosed in the description of the present 40 
invention is intended to be representative of the princi- 
ples that I have described. It will thus be seen that the 
objects of the invention set forth above and those made 
apparent from the proceeding description are efficiently 
attained and as certain changes may be made in the 45 
above articles and constructions without departing 
from the scope of the invention, it is intended that all 
matter contained in the above description or shown in 
the accompanying drawings shall be interpreted as illus- 
trative, but not in a limiting sense. It is also to be under- 
stood that the following claims are intended to cover all 
of the generic and specific features of the invention 
herein described and all statements of the scope of the 
invention which, as a matter of language, might be said 
to fall therebetween. 

What is claimed is: 

1. An artificial heart, heart assist, or blood pumping 
device adapted to propel blood therethrough by means 
of rotary hydrodynamic fluid pumping elements, com- 
prising: 

(a) inflow and outflow means by which to connect 
said device to the vascular system, 

(b) blood containing housing means within which a 
pumping mechanism is contained, 

(c) minimally-hemolytic axial flow, mixed flow, or 65 
centrifugal flow rotary pump impeller means, me- 
chanically supported and rotated by a magnetically 
actuated rotor, 
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(d) minimally-hemolytic wear-resistant blood- 
immersed mechanical journal bearing means sup- 
porting said rotor for rotation in a configuration 
such that all of the exposed junctions of the rotat- 
ing and stationary components of the pumping 
elements are washed by high enough blood flow to 
prevent thrombus accumulation sever enough to 
cause failure of the pump, and 

(e) power means and magnetic actuator means to 
provide force to rotate said rotor and impeller 
means thereby pumping the blood, 

2. The device of claim 1, in which said bearing means 
comprise: 

(a) a smooth wear-resistant wire maintained in tension 
to serve the function of a non-rotating shaft, and, 

(b) a cylindrical rotating sleeve composed of a wear- 
resistant material, having an elongated hole 
through which said wire passes of a diameter only 
slightly larger than the diameter of the wire, such 
that only a minimal volume of blood occupies the 
gap between the wire and the sleeve. 

3. The device of claim 1, of sufficiendy small size and 
anatomic configuration to be implanted either within 
the chamber of the left ventricle, within the chamber of 
the right ventricle, or both, so as to produce adequate 
flow and pressure to replace the entire pumping func- 
tion of the ventricle or ventricles in which it is im- 
planted. 

4. The device of claim 1, in which: 

(a) said power means and magnetic actuator means 
comprise a brushless DC motor having motor 
windings and laminations disposed radially about 
an annular blood channel and having a motor rotor 
disposed therewithin, such that said annular blood 
channel passes through the gap between the motor 
rotor and the motor windings generally referred to 
as the motor "air gap", 

(b) said rotary hydrodynamic pump impeller means 
comprise an axial or mixed flow pump impeller 
having a heel diameter smaller than the outside 
diameter of the motor rotor. 

5. The device of claim 1, in which: 

(a) said power means and magnetic actuator means 
comprise a brushless DC motor having motor 
windings and laminations disposed radially about 
said annular blood channel and having a motor 
rotor disposed therewithin, such that an annular 
blood channel passes through the gap between the 
motor rotor and the motor windings generally 
referred to as the motor "air gap", 

(b) the outside diameter of the motor rotor is equal to 
or greater than two thirds of the inside diameter of 
the motor windings and laminations but not so 
large as to excessively obstruct said annular chan- 
nel through which the blood must pass. 

6. The device of claim 1, including magnetic or me- 
chanical thrust bearing means or a combination of both. 

7. The device of claim 1, in which said power and 
magnetic actuator means include a magnetic coupling 
having permanent follower magnets mounted within 
the rotor and having rotary outer drive magnets 
mounted outside the bloodstream for rotation by a mo- 
tive device such that rotation of the outer drive magnets 
causes rotation of the follower magnets and thus rotates 
the rotor. 

8. The device of claim 1 in which said bearing means 
include: 

(a) a smooth wear resistant small diameter shaft; 
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(b) a cylindrical sleeve composed of a wear resistant 
material, having an elongated hole through which 
said shaft passes of a diameter only slightly larger 
than the diameter of the shaft, such that only a 
minimal volume of blood occupies the gap between 3 
the shaft and the sleeve. 

9. The device of claim 1 in which said bearing means 
include mechanical wear resistant thrust bearing means 
having a rotating and a stationary thrust bearing surface 
between which a small gap exists, said gap containing 10 
blood, and said thrust bearing elements so comprised 
and disposed that the periphery of said gap is suffi- 
ciently well washed by the flow of blood thereacross 
that thrombus accumulation is prevented. 

10. The device of claim 1 in which elements of said 15 
magnetic actuator means are so adapted as to provide 
axial forces to absorb all or part of the axial thrust load 
applied to said rotor as a result of rotation of the impel- 
ler within the blood and as a result of gravitational and 
inertial effects. 20 

11. An artificial heart, heart assist, or blood pumping 
device adapted to propel blood therethrough without 
excessive blood damage or thrombosis by means of 
rotary hydrodynamic fluid pumping elements, compris- 
ing: 25 

(a) inflow and outflow means by which to connect 
said device to the vascular system, 

(b) blood containing housing means including a gen- 
erally cylindrical tubular segment, 

(c) axial flow or mixed flow rotary pump impeller 30 
means adapted to pump blood with minimal hemol- 
ysis, mechanically supported and rotated by mag- 
netically actuated rotor means, 

(d) said magnetically actuated rotor means structured 

to be immersed in blood within said generally cy- 33 
Hndrical housing segment, and mechanically sup- 
ported by radial bearing means in a configuration 
such that all of the exposed junctions of the rotat- 
ing and stationary components of the pumping 
elements are washed by high enough blood flow to 40 
prevent thrombus accumulation severe enough to 
cause failure of the pump, 

(e) said rotor means and said generally cylindrical 
segment of said housing means having therebe- 
tween an annular generally cylindrical blood chan- 45 
nel through which flows all or part of the blood 
pumped by the device and across which forces to 
rotate the rotor are exerted magnetically, and, 

(0 power means and magnetic actuator means to 
provide force to rotate said rotor and impeller 30 
means thereby pumping the blood. 

12. The device of claim 11, in which said bearing 
means comprises: 

(a) a smooth wear-resistant wire maintained in tension 
to serve the function of a non-rotating shaft, and, 55 

fb) a cylindrical rotating sleeve composed of a wear- 
resistant material, having an elongated hole 
through which said wire passes of a diameter only 
slightly larger than the diameter of the wire, such 
that only a minimal volume of blood occupies the 60 
gap between the wire and the sleeve. 

13. The device of claim 11, of sufficiently small size 
and anatomic configuration to be implanted either 
within the chamber of the left ventricle, within the 
chamber of the right ventricle, or both, so as to produce 65 
adequate flow and pressure to replace the entire pump- 
ing function of the ventricle or ventricles in which it is 
implanted. 



14. The device of claim 11, in which: 

(a) said power means and magnetic actuator means 
comprise a brushless DC motor having motor 
windings and laminations disposed radially about 
said annular blood channel and having a motor 
rotor disposed therewithin, such that said annular 
blood channel passes through the gap between the 
motor rotor and the motor windings generally 
referred to as the motor "air gap", 

(b) said rotary hydrodynamic pump impeller means 
comprises an axial or mixed flow pump impeller 
having a hub diameter smaller than the outside 
diameter of the motor rotor. 

15. The device of claim 11, in which: 

(a) said power means and magnetic actuator means 
comprise a brushless DC motor having a motor 
windings and laminations disposed radially about 
said annular blood channel and having a motor 
rotor disposed therewithin, such that said annular 
blood channel passes through the gap between the 
motor rotor and the motor windings generally 
referred to as the motor "air gap", 

(b) the outside diameter of the motor rotor is equal to 
or greater than two thirds of the inside diameter of 
the motor windings and laminations but not so 
large as to excessively obstruct said annular chan- 
nel through which the blood must pass. 

16. The device of claim 11, including magnetic or 
mechanical thrust bearing means or a combination of 
both. 

17. The device of claim 11, in which said power and 
magnetic actuator means include a magnetic coupling 
having permanent follower magnets mounted within 
the rotor and having rotary outer drive magnets 
mounted outside the blood stream for rotation by a 
motive device such that the rotation of the outer drive 
magnets causes rotation of the follower magnets and 
thus rotates the rotor. 

18. The device of claim 11 in which said bearing 
means include: 

(a) a smooth wear resistant small diameter shaft; 

(b) a cylindrical sleeve composed of a wear resistant 
material, having an elongated hole through which 
said shaft passes of a diameter only slightly larger 
than the diameter or the shaft, such that only a 
minimal volume of blood occupies the gap between 
the shaft and the sleeve. 

19. The device of claim 11 including mechanical wear 
resistant thrust bearing means having a rotating and a 
stationary thrust bearing surface between which a small 
gap exists, said gap containing blood, and said thrust 
bearing elements so comprises and disposed that the 
periphery of said gap is sufficiently well washed by the 
flow of blood thereacross that thrombus accumulation 
is prevented. 

20. The device of claim 11 in which elements of said 
magnetic actuator means are so adapted as to provide 
axial forces to absorb all or part of the axial thrust load 
applied to said rotor as a result of rotation of the impel- 
ler within the blood and as a result of gravitational and 
inertial effects. 

21. A rotary hydrodynamic blood pump comprising: 
a blood-pumping rotor including an impeller; 
means to suspend the rotor for rotational motion 

within the bloodstream on a wire in tension that 
passes through a cylindrical hole in the rotor; 
means to magnetically rotate the rotor within the 
bloodstream; 
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magnetic, mechanical or magnetic and mechanical 
thrust-bearing means to maintain the rotor in 
proper axial position on the wire, 

configured such that all exposed junctions of the 
rotation and stationary components thereof are 5 
washed by high enough blood flow to prevent 
thrombus accumulation severe enough to cause 
failure of the pump. 

22. The blood pump of claim 21 in which the mag- 
netic means provided to rotate the impeller include 10 
permanent magnets of a brushless DC motor mounted 
within the rotor and windings of the motor mounted 
outside the bloodstream surrounding the rotor. 

23. The blood pump as described in claim 21 in which 
the magnetic means to route the impeller include a 15 
magnetic coupling having permanent follower magnets 
mounted within the rotor and having rotary drive mag- 
nets mounted outside the bloodstream for rotation by a 



motive device such that rotation of the outer drive 
magnets causes rotation of the follower magnets and 
thus rotates the impeller. 

24. The blood pump of claim 22 in which the impeller 
is suspended on the rotor by pins or utilizes blades such 
that a major portion of the bloodstream passing through 
the device washes across each end of the rotor to retain 
high flow in the vicinity where the bearing wire 
emerges from the rotor and thereby also prevents 
thrombus formation. 

25. The blood pump of claim 23 in which the impeller 
is suspended on the rotor by pins or utilizes blades such 
that a major portion of the bloodstream passing through 
the device washes across each end of the rotor to retain 
high flow in the vicinity where the bearing wire 
emerges from the rotor and thereby also prevents 
thrombus formation. 
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CORRESPONDENCE 



We completely agree with the issue of patient and 
provider safety and understand the critical impor- 
tance of adhering to the guidelines of OSHA and 
the Joint Commission on Accreditation of Health- 
care Organizations. We are also aware of litera- 
ture suggesting that these devices may reduce the 
risk of bloodstream infections and, certainly, the 
risk of accidental needle-stick injury. It is impor- 
tant to note that the current literature either re- 
lates to securing central venous catheters or com- 
pares securement devices with tape. Arterial 
catheters, because they are placed distally on 
extremities, have an increased potential for high 
levels of tension owing to patient movement. 1 The 
risk of infection associated with arterial catheters 
is also unclear, with reported risks ranging from 
0.5 percent 2 to 7.7 percent, 3 so the extent of the 
reduction in infection realized by not using su- 
tures is unclear. Our video clearly mentions the 
use of sutureless securement devices when such 
devices are available. We look forward to the time 
when these devices are universally available to 



and affordable by every facility that uses arterial- 
line placement. However, given the dire and some- 
times life-threatening complications associated 
with the dislodgment of arterial catheters and the 
limited length of our video, we elected to em- 
phasize the more universally available method of 
catheter securement. 

Ken Tegtrneyer, M.D. 
Dana A.V. Braner, M.D. 
Susanna Lai, M.P.H. 

Oregon Health & Science University 
Portland, OR 97239 
branerd@ohsu.edu 

1. Patei N, Smith CE, Pinchak AC, Hancock DE. Evaluation of 
different methods of securing intravenous catheters: measure- 
ment of forces during simulated accidental pullout. Can J An- 
aesth 1995;42:504-10. 

2. EI-Hamamsy 1, Durrleman N, Stevens LM, et al. Incidence 
and outcome of radial artery infections following cardiac sur- 
gery. Ann Thorac Surg 2003;76:801-4. 

3. Traore O, Liotier J, Souweine B. Prospective study of arterial 
and central venous catheter colonization and of arterial- and 
central venous catheter-related bacteremia in intensive care 
units. Crit Care Med 2005;33:1276-80. 



Six Years of Continuous Mechanical Circulatory Support 



to the editor: In 2001, a randomized trial com- 
paring a pulsatile left ventricular assist device 
(LVAD) with medical therapy for end-stage heart 
failure reported a median survival advantage of 
8.5 months for patients receiving the device. 1 The 
patients' quality of life was limited by serious 
complications related to the LVAD. In 2000, we 
began a long-term observational study of circula- 
tory support with a new, miniaturized axial-flow 
pump. At the time, there were important ques- 
tions about the reliability of a blood pump pow- 
ered by a rotary electric motor and the effects of 
diminished pulse pressure over time. 

Our first patient was 61 years of age and had 
idiopathic dilated cardiomyopathy. 2 While receiv- 
ing maximal medical therapy, he was breathless 
at rest, with pitting edema to the thighs, ulcer- 
ated legs, and ascites. His left ventricular ejection 
fraction was less than 10 percent, with a cardiac 
index of 1.81 liters per minute per square meter 
of body-surface area and a maximal oxygen con- 
sumption of 5.7 ml per kilogram of body weight 
per minute during exercise. Cardiac transplanta- 



tion was not recommended because of renal im- 
pairment (creatinine clearance, 38 ml per minute). 

The Jarvik 2000 LVAD (Fig. 1) was implanted 
directly into the apex of the dilated ventricle, 
unloading to the descending thoracic aorta. The 
performance of this device has been reported pre- 
viously. 3 A novel power-delivery system used a 
titanium pedestal that was screwed into the skull, 
so that rigid fixation, rich vascularity, and the ab- 
sence of fat would help avoid power-cable infec- 
tion (Fig. I). 4 Afterload reduction was continued 
and warfarin was given, with the dose adjusted to 
maintain an international normalized ratio of 
2.0 to 2.5. 

Six years later, the patient is in New York 
Heart Association class II with the same LVAD, 
despite very poor underlying left ventricular 
function. At a pump-rotor speed of 10,000 rpm, 
the resting cardiac output is 5.5 liters per minute 
with a mean blood pressure of 70 to 80 mm Hg 
and a pulse pressure of 10 to 15 mm Hg. The per- 
formance of the LVAD has remained unchanged 
since it was implanted. 
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The patient has a very active and productive 
life, including international air travel. Less than 
5 percent of the follow-up period has been spent 
in the hospital. There have been no mechanical 
or thromboembolic complications, but external 
components have been exchanged because of wear 
and tear. The skull pedestal remains infection- 



free. Staphylococcal septicemia after cauterization 
for nosebleeds was successfully treated with anti- 
biotics. The LVAD was not infected. Whole-body 
computed tomography has shown no evidence of 
thinning of the wall of the aorta, despite the di- 
minished pulse pressure. 

This case illustrates the potential long-term 
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durability of the Jarvik 2000 axial-flow blood 
pump when used as an LVAD in a patient with 
advanced heart failure. 

Stephen Westaby, M.D. 

John Radcliffe Hospital 

Oxford OX3 9DU, United Kingdom 

O.H. Frazier, M.D. 
Texas Heart Institute 
Houston, TX 77225-0345 

Adrian Banning, M.D. 

John Radcliffe Hospital 

Oxford OX3 9DU, United Kingdom 

adrian.faanning@orh.nhs.uk 



1. Rose EA, Gelijns AC, Moskowitz AJ, et al. Long-term me- 
chanical left ventricular assistance for end stage heart failure. 
N Engl J Med 2001;345:1435-43. 

2. Westaby S, Banning AP, Jarvik R, et al. First permanent im- 
plant of the Jarvik 2000 Heart. Lancet 2000;356:900-3. 

3. Frazier OH, Myers TJ, Jarvik RK, et al. Research and develop- 
ment of an implantable axial-flow left ventricular assist device: 
the Jarvik 2000 Heart. Ann Thorac Surg 2001;71:Suppl 3:S125- 
S132. 

4. Westaby S, Jarvik R, Freeland A, et al. Postauricular percuta- 
neous power delivery for permanent mechanical circulatory sup- 
port. J Thorac Cardiovasc Surg 2002;123:977-83. 
Correspondence Copyright © 2006 Massachusetts Medical Society. 
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EXHIBIT G 



COMPENDIUM OF SIGNIFICANT REGULATORY ACTIVITIES IN CONNECTION 



WITH JARVIK 2000 HEART 



Dates 


Description 


November lo, lyyo 


A pre-IDE application was submitted to the FDA. 


March 2 2000 


An IDE annlication was submitted to the FDA 

1 ill 1 I— 1 — i LiL/pllVitllVll VVtlJ kjUUllllllVu IV L11V 1 i—frX X« 


March 3, 2000 


The IDE was received by the FDA. 


March 31, 2000 


The IDE application was approved on March 3 1 , 2000 and was 
assigned IDE No. G000058. 


April 10, 2000 


The Jarvik 2000 Heart was implanted in the first U.S. patient 
(Texas Heart Institute 001) This patient is presently living TA 
years following transplant after being supported for nearly three 
months on the Jarvik 2000 Heart. 


June 20, 2000 


The Jarvik 2000 Heart was implanted in the first European clinical 
study patient (Oxford 001). This patient survived IVz years with 
continuous support of the Jarvik 2000 Heart (more than twice as 
long as any other patient in the world with any rotary blood pump). 


October 5, 2000 


The FDA granted conditional approval of the supplement to the 
IDE application, limiting the study to 1 institution and 10 subjects. 
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Dates 


Description 


December 21, 2000 


The FDA granted approval of the supplement to the IDE 
application, limiting the study to 1 institution and 10 subjects. 


November 7, 2003 


The FDA granted the investigational site waiver. 


May 28, 2004 


A Humanitarian Use Device request was submitted to the 
Department of Health and Human Services. 


October 5, 2004 


The Applicant received a letter that the Department of Health and 
Human Services did not approve the Humanitarian Use Device 
request. 


March 17, 2005 


The FDA provisionally approved the proposed expansion of the 
investigation to a pivotal clinical trial. 


April 27, 2005 


A Design Examination certificate was granted. 


July 8, 2005 


The FDA approved the proposed expansion of the investigation to a 
pivotal clinical trial. 


May 10, 2005 


CE approval was granted. The FDA granted conditional approval 
to the supplement to the IDE application, limiting the study to 40 
institutions and 160 subjects. 
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Dates 


Description 


July 16, 2007 


FDA granted approval to the supplement to the IDE application, 
limiting the study to 40 institutions and 160 subjects. 


November 20 2007 


The PMA Shell was submitted to the FDA 


January 28, 2008 


PMA Shell was accepted by the FDA and PMA Shell No. M070017 
was assigned. 



NYI-4058114v2 



